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Abstract 
Human-induced global change raises important questions about ecosystem resilience to 
external perturbations.  Kettle peatlands have been underutilized in studies of ecosystem 
response to climatic and anthropogenic disturbance due to a widely accepted hypothesis 
that their development is gradual, climate-independent, and driven purely by autogenic 
succession.  In this dissertation, I review the scant data underpinning this hypothesis and 
present alternative conceptual models in which peatland development is driven by 
climate and mediated by surficial geology.  These hypotheses were tested at two sites 
using paleoecological techniques.  Fallison Bog records a complex developmental history 
that included both terrestrialization and paludification.  Episodes of peatland 
establishment centered on 5000, 3200, 2000, 1000, 700, and 400 cal yr BP.  Review and 
synthesis of published data revealed significant temporal correlations between peatland 
development in Fallison Bog and in 75 cores collected from 37 basin-filling peatlands 
across the Great Lakes Region (r = 0.70), suggesting a common climatic driver.  A 
spatially explicit model of whole-system carbon accumulation was developed for Fallison 
Bog.  Model results indicate accumulation of ~ 6655 t of carbon during the Holocene, 
66% of which accumulated in peat within the last 5000 years.  Results from Titus Bog 
indicate that peatland establishment episodes centered on 800, 650, and 400 cal yr BP.  
Each establishment event coincided with or immediately followed a multidecadal drought 
recorded in regional climate reconstructions.  Data suggest little change on the floating 
peatland until European settlement around 1850 A.D.  Analysis of recent peat deposits at 
Titus Bog indicate that deforestation of the surrounding uplands resulted in dust 
deposition on the peatland surface, increasing nutrient availability and initiating a cascade 
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of ecosystem-level changes.  Plant communities shifted from Sphagnum-dominance to 
vascular-plant-dominance, including increased recruitment of Pinus strobus onto the 
peatland.  Testate amoeba communities shifted toward those adapted to highly variable 
micro-environmental conditions, and likely reflect broader changes in microbial 
communities.  These results demonstrate that indirect and often overlooked human 
disturbances can lead to dramatic structural and functional alterations of carbon-rich 
wetlands.  Collectively, this work demonstrates the sensitivity of kettle peatlands to 
outside disturbances and highlights their potential vulnerability to external disturbances.    
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Chapter 1. Rethinking terrestrialization processes in glacial kettles: implications for 
ecosystem responses to climate change 
 
Abstract  
Global climate change has raised important questions about ecosystem resilience and the 
likelihood of unexpected and potentially irreversible ecosystem state shifts.  Conceptual 
models provide a framework for generating hypotheses about long-term ecosystem 
processes and their responses to outside perturbations.  In this article, we review the 
classic model of autogenic peatland encroachment into closed-basin kettle lakes 
(terrestrialization) as well as numerous studies that document patterns of terrestrialization 
that are inconsistent with this conceptual model.  We then present a new conceptual 
model of episodic, drought-triggered terrestrialization, which is consistent with existing 
data and provides a mechanism by which climatic variability can cause non-linear 
patterns of peatland development in kettle systems.  We then review data from 
comparative studies of kettle lakes along a peatland-development gradient to explore 
potential ecological and biogeochemical consequences of non-linear patterns of 
terrestrialization in these systems.  Finally, we identify potentially rewarding research 
approaches that could be used to test conceptual models of drought-triggered 
terrestrialization, the ecological implications of non-linear patterns of peatland 
development, and help improve our ability to predict responses of kettle systems in the 
21
st
 century.    
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1.1. Introduction 
Global warming has raised important questions about the intrinsic resilience of Earth’s 
ecosystems to climatic variability.  Ecologists are becoming increasingly aware of latent 
environmental thresholds that, once exceeded, can lead to catastrophic and potentiality 
irreversible ecosystem state shifts (Scheffer et al. 2001, Walther et al. 2002, Smol et al. 
2005).  This increased awareness has motivated extensive efforts aimed at quantifying the 
magnitude and economic value of ecosystem services and predicting the degree to which 
these services will persist into a generally warmer, but more climatically variable future 
(Brauman et al. 2007).  Carbon (C) fixation and sequestration will undoubtedly be  
among the most valuable ecosystem services in coming decades, which has focused a 
great deal of attention on C-rich ecosystems.  Recent research has estimated that northern 
peatlands currently store approximately 550 GT of C, which accounts for roughly 1/3 of 
all soil C on the planet (Yu et al. 2011).  Peatland C stocks are stored within a few m of 
the atmosphere and are the net result of production and decomposition processes, both of 
which are climatically sensitive, bestowing on these ecosystems extraordinary potential 
for feedbacks to the climate system (Gorham 1991, Holden 2005, Davidson and Janssens 
2006, MacDonald et al. 2006, Dorrepaal et al. 2009, Yu et al. 2010, Yu 2011).  Although 
numerous studies have established linkages between peatland C balances and 
environmental variability at time scales ranging from seasonal to millennial (Chapin et al. 
1995, Chapin et al. 2000, Epstein et al. 2004, Lafleur et al. 2005, Roulet et al. 2007, 
Bridgam et al. 2008, Nilsson et al. 2008, Adkinson et al. 2011), global estimates of the 
potential magnitude and even the sign of possible peatland – climate feedbacks are 
distressingly uncertain (Wania et al. 2009, Yu et al. 2011).  While the implications for 
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changing peatland C balances in response to global climate change are clearly important, 
surprisingly little attention has been given to the myriad of other ecosystem services 
provided by peatland systems or the ecological processes occurring in sub-boreal peat-
forming wetlands.   
 
To date, the vast majority of peatland – climate research has focused on systems within 
arctic and boreal zones (Wieder and Vitt 2006), generally overlooking the abundant 
peatland systems occurring in previously glaciated portions of mid-latitude North 
America (Vitt and Slack 1975, Buffam et al. 2010).  While global warming is clearly 
being amplified in high latitudes (Serreze et al. 2000), mid-latitude regions are also 
expected to experience large changes in climate, and especially hydroclimate, in the 
coming decades (Meehl and Tebaldi 2004, Meehl et al. 2007).  Unlike boreal zones 
where vast, interconnected peatland complexes have formed by lateral expansion over 
relatively flat, low-lying mineral soils (paludification), sub-boreal previously glaciated 
regions of North America often feature abundant, but geographically isolated peatlands 
(Tiner 2003) that formed over lakes by the combined effects of floating peatland 
expansion (terrestrialization) and sediment accumulation (Charman 2002, Rydin and 
Jeglum 2006, Kuhry and Turunen 2006).  Within the gently undulating and lake-rich 
topography typical of these regions, kettle peatlands can occur at average densities of 
about one per km
2 
(Warner et al. 1989, Buffam et al. 2010) and often contain both 
peatland and lake components, frequently with lakes bordered by peatlands that float on 
pockets of water (Gates 1942, Vitt and Slack 1975).  Although these systems tend to be 
small (generally about 1 to 10 ha) and rarely occupy more than about 20% of the 
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landscape, recent work has demonstrated that organic sediments stored in kettles 
represent as much as 80% of the total fixed C pool across broad regions, even when 
heavily forested (Buffam et al. 2010, Buffam et al. 2011; Fig. 1.1a, 1.1b).   
 
Because kettle peatland – lake complexes are situated within depressions, they are 
connected by groundwater to the broader landscape (Kratz and Medland 1989) and 
provide a range of ecosystem services beyond C sequestration.  For example, these 
systems often act as groundwater recharge zones, and hydrologic connectivity between 
the lake and peatland components yields a wide range of pH and reduction – oxidation 
conditions, causing them to be important sites for biogeochemical cycling on the 
landscape.  Kettle systems provide diverse aquatic and wetland habitats within an upland 
matrix, increasing regional biodiversity and providing areas for human recreation.  These 
systems also represent excellent opportunities for testing broad ecological hypotheses 
because their lake sediments and peat deposits preserve detailed records of both within-
system developmental history and regional climate change.     
 
Despite the ecological significance of glacial kettles and the rich environmental archive 
that they contain, potential impacts of climate change on their ecosystem processes have 
received little attention.  In part, this is because of a long held and widely accepted 
assumption that the most profound long-term change, peatland development by 
terrestrialization, is a gradual and climate-independent process (Kratz and DeWitt 1986).  
However, recent work suggests that climatic variability could in fact trigger abrupt 
terrestrialization events (Ireland and Booth 2011).  A reevaluation of the assumption of 
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autogenic peatland development is needed, especially in light of anticipated climate 
changes and increasing concern over the potential fate of C-rich peatland ecosystems 
(Holden 2005, Yu et al. 2011).  In this article, we provide an overview of the classical 
model of autogenic terrestrialization in kettle ecosystems (e.g. Kratz and DeWitt 1986), 
detail its potential shortcomings, and present two new alternative conceptual models that 
explore the potential for interactions between climate and surficial geology to yield non-
linear patterns of peatland development.  We also explore the possible ecological and 
biogeochemical consequences of non-linear terrestrialization, highlighting the 
implications for regional C cycling and the ecology of remnant kettle lake systems.   
 
1.2. Conceptual models of terrestrialization in kettle systems  
1.2.1. The classical model of autogenic terrestrialization 
Introductory ecology and wetland science textbooks typically portray terrestrialization of 
glacial kettles as a gradual and autogenic process, dominated by floating peatland 
encroachment over open water (Charman 2002, Ricklefs 2008, Mitsch et al. 2009; Fig. 
1.2a).  This model is rooted in historic inferences that observed concentric zonation of 
vegetation in kettle systems represented a unidirectional succession (Shaler 1890, Cowles 
1901, Nichols 1915, Clements 1916, Rigg 1940, Potzger 1956), an idea that has persisted, 
essentially unaltered, for more than a century (Tallis 1973, Kratz and DeWitt 1986, 
Wilcox and Simonin 1988, Bunting and Warner 1998, Anderson et al. 2003, 
Lamentowicz et al. 2008, Buffam et al. 2010).  Under this model, pioneering peatland 
plants are thought to colonize the margins of kettle lakes, form semi-buoyant vegetation 
mats, and spread laterally across the lake surface over time (Kratz and DeWitt 1986).  
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Mechanistically, the lakeward expansion of floating vegetation has been attributed to the 
physiology and growth habits of a few common peatland plants, especially 
Chamaedaphne calyculata (Dansereau and Segadas-Vianna 1952, Swan and Gill 1970, 
Kratz and DeWitt 1986) and Carex lasiocarpa (Gates 1942).  Once established, these and 
other plants are thought to provide a semi-buoyant and hydrologically stable matrix 
suitable for Sphagnum colonization and rapid vertical accumulation of peat (Kratz and 
DeWitt 1986, Warner et al. 1989, Charman 2002, Rydin and Jeglum 2006).  Lateral 
expansion of floating peatlands is assumed to be unaffected by the underlying basin 
morphology, to be climate-independent, and to progress at a relatively constant rate 
(Kratz and DeWitt 1986).  Thus, this model would predict that remnant lakes in these 
systems are gradually shrinking and that the aerial shape of the peatland – water interface 
should generally reflect that of the outside perimeter of the system.  Estimates of lateral 
expansion rates from peat mat dissection (Swan and Gill 1970), historical document 
analysis (Schwintzer and Williams 1974, Hemond 1980), and radiocarbon (
14
C) dating 
(Kratz 1988) generally range between about 2 and 6 cm yr
-1
; However, data are scant and 
variable (Table 1.1). 
 
1.2.2. Alternative views on the terrestrialization process 
Despite the lengthy history and wide acceptance of the classical autogenic model of 
terrestrialization, surprisingly little empirical evidence exists to support the idea that 
lateral expansion of floating peatlands occurs at a constant rate or that peatland initiation 
and lateral expansion into kettle lakes are necessarily autogenic processes (Table 1.1).  In 
fact, potential shortcomings of this model have been pointed out before (Colinvaux 1986, 
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Campbell et al. 1997, Klinger 1996, Johnson and Miyanishi 2008) and several studies 
have generated data suggesting that lateral expansion rates could be tied to local 
hydrological variability.  For example, early observations (Transeau 1903, Waterman 
1926) and more recent sediment-based studies (Warner et al. 1989) have noted that some 
kettle systems eastern North America experienced rapid encroachment of floating 
peatlands coincident with deforestation of the surrounding uplands by European settlers.  
Similarly, paleoecological methods were used to reconstruct the developmental history of 
Lyn Mire, central Wales, demonstrating rapid floating peatland development between 
about 500 and 600 years ago immediately following a period of woodland clearance and 
Cannabis cultivation in the immediate vicinity of the kettle (French and Moore 1986).  
These apparent temporal coincidences between deforestation and rapid floating peatland 
expansion in glacial kettles suggest that hydrologic changes associated with forest 
clearing may have been favorable to floating peatland development (French and Moore 
1986, Warner et al. 1989). 
 
Several paleoecological studies have noted an apparent episodic pattern of peatland 
initiation and expansion in glacial kettles and hints of between-site synchronicity, 
suggesting a climatic driver (Kratz 1988, Winkler 1988, Campbell et al. 1997, Brugam 
and Swain 2000).  These studies were generally aimed at detecting millennial-scale 
patterns of climate change and peatland development, but, none the less, captured data 
suggestive of long intervals with limited peatland expansion punctuated by times of 
extensive and rapid peatland expansion.  For example, Kratz (1988) presented a distance-
onto-age linear regression approach to estimating long-term average lateral expansion 
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rates of pioneering peatlands, but noted that observed overlapping probability 
distributions in 
14
C ages of widely spaced sampling locations were suggestive of 
developmental pulses.  However, identification of developmental pulses within a basin 
requires a dense network of sediment cores, high-resolution paleoecological analyses, and 
intensive 
14
C dating.  For example, we recently tested the classical autogenic model of 
terrestrialization in a kettle system with a small (5 ha) floating peatland by collecting a 
network of nine sediment cores, performing high-resolution plant macrofossil, 
combustion, and 
14
C analyses, and found that the floating peatland established in at least 
three discrete episodes that aligned temporally with intervals of enhanced multidecadal-
to-centennial scale hydroclimatic variability (Ireland and Booth 2011).  These results 
clearly indicated that peatland development was episodic, and suggested that externally 
forced water level fluctuations could trigger abrupt expansions of peatland into aquatic 
portions of kettle basins (Ireland and Booth 2011).  Furthermore, the water-level 
variability that triggered these expansion episodes occurred at centennial or sub-
centennial timescales.  With fewer sediment cores or less temporal constraint, we would 
not have been able to detect the episodic nature of peatland development or assess 
relationships to multidecadal hydroclimatic variability.  Collectively, paleoecological 
data, though relatively limited in quantity (Table 1.1), do not provide strong support for 
the classical autogenic model, but rather suggest that hydrology and, in turn, climate can 
pace terrestrialization.  
 
The results of observational studies have also conflicted with the expectations of the 
classical autogenic model.  For example, two mostly overlooked studies of kettle 
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ecosystems in Minnesota provided compelling evidence that hydrological variability can 
initiate and/or substantially influence the rate of lateral peatland expansion in kettle 
systems (Buell et al. 1968, Buell and Buell 1975).  Analysis of historic aerial photographs 
in the Lake Itasca region demonstrated the complete conversion of some shallow kettles 
into floating peatlands during the major hydroclimatic fluctuations of the 1930s and 
1940s (Buell and Buell 1975). Severe drought in the 1930s apparently lowered the water 
levels enough to reduce these systems to moist depressions of exposed organic sediments, 
which were quickly colonized by sedges (Buell and Buell 1975).  Increasing water levels 
during the 1940s caused detachment and flotation of shallow peat deposits, allowing 
establishment of peatland throughout the entire basin in less than a decade (Buell and 
Buell 1975).  Similarly, and perhaps more compelling, studies at Cedar Creek Bog in the 
1930s documented that drought-induced water-level drawdown allowed the previously 
floating peatland margin to rest upon the underlying organic lake sediments (Lindeman 
1941). During this time, lake sediments were exposed in more central areas of the basin, 
although some water remained in the deepest portion of the basin, and pioneering 
peatland plants rapidly colonized the exposed sediments (Lindeman 1941). Increased 
precipitation in the 1940s raised the water levels at Cedar Creek Bog, causing the newly 
expanded peatland to float along with the older portion of the mat (Buell and Buell 1941, 
Buell et al. 1968). Repeat measurements over the next three decades, when hydroclimatic 
conditions were relatively moist and stable, recorded no measurable expansion of the 
floating peatland over open water (Buell et al. 1968).  
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Even accepting the most conservative estimates of lateral expansion rates derived from 
low-resolution retrospective studies (about 2 cm yr
-1
), floating peatlands should have 
encroached a measurable distance into remnant lakes over the last century.  However, 
with the exception of the climate-triggered pulses of expansion documented in 
Minnesota, and possibly in systems where the pioneering peat margin is adjacent to very 
shallow water (e.g. Gates 1942, Schwintzer and Williams 1974), little discernible mat 
expansion has been documented over the past century (Fig. 1.1c).  Furthermore, the 
pioneering margins of floating peat mats can be more than a meter thick at the lake edge 
(e.g. Kratz and DeWitt 1986), rather than tapered as predicted by the classical autogenic 
model of constant lakeward encroachment, and seemingly unrealistic vertical 
accumulation rates are needed to explain this thickness under the autogenic model (Fig. 
1.2).  Collectively, observational and paleoecological studies suggest that a transient 
climatic forcing event can lead to abrupt peatland expansion over exposed lake/pond 
sediments, followed by periods of relative quiescence in the absence of severe drought.  
 
1.2.3. An allogenic model of drought-triggered episodic terrestrialization 
An allogenic model (Fig. 1.3b, 1.3c) of peatland development in kettle lakes appears to 
provide a better explanation than the classical autogenic model (Fig.1. 3a). In this model, 
the initiation and lateral expansion of encroaching peat mats into kettle systems is likely 
driven by decadal-to-multidecadal hydroclimatic variability.  Mechanistically, peatland 
advancement likely occurs when pioneering peatland plants (especially sedges) colonize 
exposed or nearly exposed organic-rich lake sediments during prolonged drought events.  
Subsequent water-level increases likely cause the semi-buoyant, loosely rooted mat of 
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vegetation and peat to detach from the poorly consolidated lake sediments and float, 
creating a hydrologically stable substrate suitable for Sphagnum colonization and rapid 
vertical peat accumulation (Warner et al. 1989).  This model is consistent with 
observations at Cedar Creek Bog (Buell et al. 1968), Titus Bog (Ireland and Booth 2011), 
and elsewhere.  A very similar mechanism has recently been proposed to explain the 
development of floating peat mats around the margins of actively thawing thermokarst 
lakes (Parsekian et al. 2011).  An allogenic model of peatland development is also 
consistent with rapid peatland expansion coincident with human settlement (French and 
Moore 1986, Warner et al. 1989).  In these cases, deforestation rather than climate, or 
perhaps in tandem with climate, may have caused the required water level variability 
within the kettle basins, although mechanisms are unclear (Warner et al. 1989).      
 
1.3. Geomorphologic influences on terrestrialization in kettle systems  
1.3.1. Within-basin processes affecting terrestrialization 
The model of drought-triggered, episodic peatland encroachment into kettle lakes implies 
that basin morphology would exert strong influence over the spatiotemporal pattern of 
peatland development by determining the relative sensitivities to drought-induced 
substrate exposure throughout the basin (Fig. 1.4).  Shallower areas would be susceptible 
to terrestrialization during relatively low magnitude or short duration drought events, 
while establishment of peatlands in deeper areas could occur only after extreme drought 
events (Fig. 1.3c, Fig. 1.4).  This model could potentially explain the tendency for 
peatlands to occur more commonly in relatively small kettles than in relatively larger 
kettles within a climatically homogeneous region (Swinehart and Parker 2002), because 
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more extreme droughts would be required to drop water levels in deeper and/or larger 
systems that hold greater volumes of water.  
 
Sedimentation processes obviously cause upward infilling of kettle basins through time, 
gradually reducing the average water depth and generally increasing susceptibility to 
terrestrialization under a drought-driven allogenic model.  However, basin infilling can 
be spatially complex, with sediment focusing causing more rapid accumulation rates in 
deeper areas of the basin (Davis and Ford 1982, Dearing 1997; Fig.1. 4).  These 
processes serve to differentially increase susceptibility to drought-induced substrate 
exposure throughout the basin; as the average water depth decreases, the magnitude of 
drought events required to induce peatland establishment would also decease.  In effect, 
basin infilling functions as a “slow” ecosystem process, operating at centennial-to-
millennial timescales, while decadal-to-multidecadal hydroclimatic variability functions 
as a “fast” ecosystem process (Carpenter and Turner 2001).  In addition, the physical 
composition of near-shore lake sediments could affect susceptibility to terrestrialization 
during drought events.  For example, pioneering sedges would probably have greater 
success establishing on soft, highly organic, and waterlogged sediments than on dry, 
sandy, and nutrient-poor sediments (Budelsky and Galatowitsch 2004, van der Valk 
2005).  Overall, the proposed allogenic model (Fig. 1.3b, 1.3c, Fig. 1.4) predicts that 
interactions between initial basin morphology, lake-infilling processes, and 
sedimentology would be important in mediating the climatically driven terrestrialization 
process and determining the spatiotemporal patterning of peatland development.   
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Additional physical sedimentation processes could explain the observed tendency for 
encroaching peat mats to initiate on the windward side of kettle basins (Gates 1942).  
This phenomenon has long been interpreted within the context of the classic autogenic 
model, with most authors concluding that diminished wind disturbance must favor peat 
mat development by reducing wave erosion of the pioneering peatland edge (Transeau 
1903, Gates 1942, Swinehart and Parker 2002).  However, sedimentation processes could 
be an additional contributing factor.  The drag of winds across the surface of small kettle 
lakes has been demonstrated to affect the sediment distribution pattern through time by 
piling sediments on the windward side of the basin (Vad Odgaard 1993).  This process 
causes windward sides of kettle basins to shallow more quickly than leeward sides, 
potentially facilitating peatland encroachment in these shallower areas (Fig. 1.3).    
 
1.3.2. Landscape-scale processes affecting terrestrialization  
Kettles are depressions on the landscape and most, if not all, of these systems receive 
some portion of their total water budget from groundwater (Kratz and Medland 1989).  
The relative importance of the groundwater contribution varies as a function of the 
cumulative effects of landscape position, surficial geology, and local topography (Kratz 
and Medland 1989, Almendinger 1990, Kratz et al. 1997, Riera et al. 1999).  In general, 
kettle systems high in their watershed receive less groundwater input than those lower in 
the flow system (Kratz and Medland 1989, Webster et al. 1996, Kratz et al. 1997; Fig. 
1.4).  Differences in relative amounts of groundwater buffering tend to lead to significant 
response gradients across landscapes with respect to droughts, with systems high in the 
flow regime experiencing more extreme water-level drops and chemical changes during 
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drought than those lower in the flow regime (Kratz et al. 1997, Webster et al. 1996, Rains 
2011).  Under an allogenic model of drought-induced terrestrialization, these differences 
could make kettle systems high in the watershed more vulnerable to floating peatland 
establishment and expansion than physically comparable systems lower in the watershed. 
In addition to first-order effects of landscape position on susceptibility to water level 
drawdown, it is also possible that groundwater inputs chemically buffer some systems 
against peatland encroachment by excluding some of the typical peatland pioneers that 
thrive in low-nutrient conditions (Vitt and Slack 1975).   
 
1.3.3. Nested effects of geomorphology and climate on terrestrialization processes 
Consideration of the combined effects of (1) baseline groundwater influence, which 
varies as a function of landscape position, (2) gradual basin infilling by sedimentation 
processes, and (3) water level fluctuations driven by hydroclimatic variability leads to 
widely varied predictions for relative sensitivities to allogenic terrestrialization in kettle 
systems with different initial morphologies (Fig. 1.4).  In essence, landscape context (i.e., 
elevation) and internal basin morphology may represent a two-stage filter that determines 
when and where peatland can establish within and among a series of kettle basins 
experiencing climate-driven water-level fluctuations (Fig. 1.4).  A very similar filtration 
concept has been proposed for other variables within closed-basin lake systems 
(Blenckner 2005).   
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1.4. Ecosystem-level consequences of episodic terrestrialization   
The classical autogenic and the proposed allogenic models of peatland development in 
glacial kettles essentially predict identical structural end members (Fig. 1.3).  However, 
the rates of change predicted by these models are dramatically different.  The classical 
autogenic model predicts a simple linear pattern of aquatic-to-peatland habitat conversion 
while the allogenic model predicts a more complicated pattern characterized by long 
intervals of little to no change punctured by abrupt episodes of habitat conversion.  These 
conflicting patterns likely have very different consequences for the ecology of the 
remnant lake system through time as well as temporal patterns of whole-system 
biogeochemical cycling.    
 
1.4.1. Potential responses of remnant lakes to episodic peat mat encroachment 
Based on comparative studies of kettle lakes, a suite of physicochemical and biological 
changes would be expected to occur within the lake system after the establishment of a 
peripheral floating peatland (Fig. 1.5).  For example, waters of lakes bordered by floating 
peatlands are generally more acidic than those that are not (Rahel 1984), primarily 
because of the high cation exchange capacity and organic acid content of peat, as well as 
the well-documented capacity of Sphagnum to acidify its surroundings (van Breemen 
1995, Charman 2002, Rydin and Jeglum 2006).  Lakes bordered by peatland have 
increased loading of dissolved organic C derived from the surrounding peatland, reduced 
depth of light attenuation (Kratz et al. 1997, Rosén and Hammarlund 2007), reduced 
inputs of coarse particulate and dissolved organic matter from upland sources, and 
reduced inputs of nutrients, especially nitrogen and phosphorus.  In addition, small lakes 
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surrounded by peatlands tend to derive slightly smaller proportions of their water budgets 
from groundwater, reducing the availability of various minerals, including silica, which 
may be a strong driver of siliceous algal community structure in some regions (Hurley et 
al. 1985). The physicochemical and biological differences between peatland-bordered 
and non-peatland-bordered kettle lakes generally lead to lower primary productivity in 
peatland-bordered lake systems.   
 
Differences in physicochemical conditions and primary productivity among peatland-
bordered and non-peatland-bordered lakes also result in differences in community 
structure at multiple trophic levels (Lindeman 1942, Rahel 1984, Kratz et al. 1997) (Fig. 
1.5). For example, diatom abundance and community composition are strongly affected 
by pH, nutrients, and light availability, with previous work linking peatland establishment 
to dramatic shifts in diatom communities (Brugam and Swain 2000).  Primary consumers 
like zooplankton, chironomids, and testate amoebae are also quite sensitive to pH 
changes (Francis 2004, Patterson and Kumar 2000) and play a significant role in nutrient 
cycling (Andersson et al. 1988).  At higher trophic levels, fish communities become 
increasingly impoverished along a gradient of increasing ratio of floating peatland to 
remnant lake area (Rahel 1984); in fact, many lakes surrounded by peatland are too acidic 
to support fish (Kratz et al. 1997).  The classical autogenic model of terrestrialization 
(Fig. 1.3a) would predict simple linear or curvilinear-forcing patterns on these variables 
as aquatic habitat is gradually replaced by peatland (Fig. 1.5).  In stark contrast, an 
allogenic model of drought-induced episodic peatland development (Fig. 1.3b), would 
predict mainly non-linear changes in forcing parameters, which could increase the 
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likelihood of threshold effects and abrupt state changes in the remnant lake system, 
perhaps foreshadowed by increased variances in key parameters (Carpenter 2003).  
However, more research is needed to assess this possibility, characterize dynamics, and 
identify potential mechanisms (Fig. 1.5).  Given the profound effects of peatland 
establishment and expansion on kettle lake structure and function, the proposed allogenic 
models have clear implications for potential responses of kettle ecosystems to increased 
hydroclimatic variability in the coming decades; small, shallow kettles or shallow 
portions of larger kettles could be vulnerable to abrupt terrestrialization, potentially 
leading to abrupt and cascading changes in remnant aquatic ecosystem (Fig. 1.5).     
 
1.4.2. Biogeochemical consequences of episodic peatland development 
In addition to changes in physicochemical conditions, community composition, and 
trophic structure in remnant lake systems, episodic terrestrialization events may lead to 
long-lasting changes in biogeochemical processes within the basin.  For example, the 
rapid and potentially synchronous development and expansion of floating peatlands 
would have important implications for C cycling and storage on the landscape.  Recent 
estimates indicate that kettle peat deposits in northeastern Wisconsin currently store 
approximately 22,500 metric tons of C per km
2
 (Buffam et al. 2011); however, the long-
term rates of sequestration are poorly understood.  Importantly, peat deposists have 
significantly higher C densities than lake sediments (Buffam et al. 2011, Ireland and 
Booth 2011) as well as greater rates of C accumulation, and floating peat mats can 
accumulate especially rapidly because they remain permanently saturated, except during 
extreme droughts (Booth 2010).  The conversion of an area within a kettle basin from 
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lake to peatland represents a state shift under which potential C accumulation rates are 
greatly increased (Fig. 1.6).  Estimating the potential changes in C accumulation and 
storage within the lake component of kettle ecosystems in response to abrupt peat mat 
development is challenging, but significant changes in the quality and quantity of carbon 
sources to the lake (e.g., shift from terrestrial upland sources to wetland sources) would 
be expected, and decreased lake productivity could reduce rates of carbon accumulation 
within lake sediments.  While peatlands are important overall C sinks (Gorham 1991), 
they are also a major natural source of CH4 emissions to the atmosphere and some studies 
have linked peatland development to global CH4 changes, suggesting increasing CH4 flux 
could counteract some of the negative climate feedback potential of peatland systems 
(Walter et al. 2001, Zhuang et al. 2004, Korhola et al. 2010).  The same nearly 
permanently saturated conditions that cause rapid vertical peat accumulation rates in 
floating systems also cause particularly large CH4 emissions (Fechner and Hemond 1992, 
Scott et al. 1999).  Large uncertainties in the C cycling implications of an allogenic 
model of terrestrialization in these systems combined with recent estimates of their 
dominance in regional C budgets (Buffam et al. 2011) underscore a need for studies 
aimed at better understanding the implications of an event-based model for C 
accumulation in these systems. 
 
1.5. Conclusions and Future Directions 
Despite the lengthy history and broad acceptance of the classical autogenic model of 
gradual terrestrialization in glacial kettles, there are very few supporting data for this idea 
(Table 1.1).  Problems with the autogenic model have been identified (e.g. Colinvaux 
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1986, Campbell et al. 1997, Klinger 1996, Johnson and Miyanishi 2008), but clear 
alternative conceptual models proposing plausible mechanistic explanations have been 
lacking.  A model of allogenic terrestrialization, driven by climate and mediated by 
surficial geology, is consistent with the available data.  If this alternative model is correct, 
and the coming decades are characterized by enhanced hydroclimate variability in 
previously glaciated mid-latitude regions (Meehl and Tebaldi 2004), there is increased 
probability of abrupt and non-linear changes in these ecosystems (Scheffer et al. 2001) 
through the conversion of aquatic habitat to peatland habitat and the associated changes 
in ecosystem structure and function.  
 
While grounded in empirical data and consistent with the available evidence, the 
conceptual models presented here (Fig. 1.3, Fig. 1.4, Fig. 1.5) represent hypotheses that 
require additional testing.  Specifically, these models predict that, within a given glacial 
kettle, areas of peatland with similar underlying lake-sediment depth should have 
established roughly synchronously and that the episodes of peatland establishment should 
align with times of high hydroclimatic variability, especially decadal-to-multidecadal 
droughts followed by shifts to wetter conditions.  Proper testing of these hypotheses 
could be accomplished through paleoecological studies that (1) sample at high enough 
spatial densities to capture multiple sediment cores within basin areas of like depth, (2) 
perform stratigraphic analyses with sufficient resolution to accurately delineate the peat – 
lake sediment boundary in each core, and (3) employ sufficient age control for 
comparison to independent climate reconstructions.   A series of paleoecological 
reconstructions as described above could potentially separate and estimate the relative 
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importance of autogenic versus allogenic processes in kettle terrestrialization.  
Furthermore, multi-proxy studies of the lake sediment record in these systems could be 
used estimate limnological responses to peatland expansion into remnant lake systems 
(cf. Brugam and Swain 2000).  The important role of peatlands in the global carbon cycle 
highlights the potential value of this research in increasing our understanding of potential 
climate feedbacks; however, these ecosystems provide a broad range of ecosystem 
services at landscape to global scales, and the potential impact of climate variability and 
change on these services deserves more attention.  In spite of over a century of research 
on these valuable ecosystems, it is surprising how little we know about their development 
and potential sensitivity to ongoing and future climate change. 
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Table 1.1. Compilation of published data pertaining to lateral expansion rates of 
terrestrializing peat mats in eastern North America 
Site Name 
(Location) 
Estimated 
Expansion 
Rate (cm yr
-1
)
a
 
Data/Information 
Used To Infer  
Expansion Rate 
Citations 
Bryant’s Bogb 
(45° 34′ 78″ N  
84° 42′ 43″ W)  
 
2.1  Analysis of historic  
hand-drawn maps dating 
from 1926, 1955, 1963, 
and 1972 
 
Gates 1942 
 
Schwintzer and 
Williams 1974 
Cedar Creek Bog
c
 
(45° 24′ 37″ N  
93° 11′ 57″ W) 
0 Repeat measurements of 
permanently emplaced 
survey stakes between 
1934 and 1967 
 
Buell et al. 1968 
Harvard Pond
d
 
(42° 30′ 22″ N  
72° 12′ 34″ W) 
5.0 – 6.3  Dissection of 
Chamaedaphne 
calyculata-dominated peat 
mat in an artificial 
reservoir and counting of 
growth increments 
 
Swan and Gill 
1970 
Thoreau’s Bog 5.0 Comparison of Henry Hemond 1980 
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(42° 27′ 43″ N  
72° 12′ 34″ W) 
David Thoreau’s notes 
from 1858 and the 
author’s field  
observations in 1978  
    
Lake Sixteen 
Peatland
e
 
(45° 35′ 36″ N  
84° 19′ 30″ W) 
18.0 
14
C-based age estimates of 
peat mat establishment in 
two coring locations 
spaced 550 m apart 
   
Futyma and 
Miller 1986 
  
 
 
Fallison Bog
f
 
(45° 35′ 36″ N  
84° 19′ 30″ W) 
1.6 – 3.5  Linear regression of 
distance from the remnant 
pond onto the mid-point 
of the 2σ range for six 14C 
age determinations on the 
peat mat  
 
Kratz and 
DeWitt 1986 
 
Kratz 1988 
Titus Bog 
(41° 57′ 07″ N  
79° 45′ 30″ W) 
NA Nine 
14
C age 
determinations on the 
basal peat mat 
demonstrated 
spatiotemporally clumped 
Ireland and 
Booth 2010 
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distributions, suggesting 
episodes of rapid develop 
and interceding periods 
with little or no lateral 
expansion 
Notes  
a
In all cases, but Titus Bog, original authors considered estimates to be 
representative of long-term average rates of lateral expansion under a classical-type 
developmental model.  
b
Gates (1942) noted a 2.9 meter reduction of water column 
thickness (5.2 to 2.9 m) within the small (~400 m
2
) remnant pond between 1912 and 
1921 and noted that Scirpus subterminalis encroached markedly during a severe drought 
in 1917.  Observations of a 2004 1-m resolution USDA Farm Service Image suggest that 
the remnant pond might be entirely terrestrialized today.  
c
Buell et al. (1968) cited the 
observations of Lindeman (1941) indicating that the pioneering vegetation mat advanced 
by as much as 1 m during prolonged droughts between 1934 and 1940 (20 cm yr
-1
) 
d
Harvard Pond is an artificially flooded valley bottom with average water levels of ~1 m.  
The Chamaedaphne calyculata stems forming the mat apparently radiate from the stumps 
of trees cut prior to flooding around 1890.  
e
Large portions of this peatland have 
subsequently been mined.  
f
Kratz and DeWitt (1986) rejected one age determination that 
was younger than would be predicted by an autogenic-type model of lakeward peatland 
development.  Rates presented in Table 1 represent the range of the 95% confidence on 
the slope of the linear regression model presented in Kratz (1988).   
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Fig. 1.1. Satellite and aerial imagery of selected kettle lakes and peatlands.  a) Vilas 
County, WI as seen in a mosaic of 15-m-resolution Landsat 7 images collected between 
July 1999 and September 2002 (http://edcsns17.cr.usgs.gov/NewEarthExplorer/) with a 
regional inset map for orientation.  Note the abundance of kettle lakes and peatlands.  
Vilas County was within the study regions of Buffam et al. (2010) and Buffam et al. 
(2011).  b) Detailed view of a landscape portion highlighting the location of Fallison Bog 
(Kratz and DeWiit 1986).  Note also the abundance of small completely terrestrialized 
peatlands within this view. c) Time series historic aerial photographs of Fallion Bog 
between 1937 and 2005 (http://edcsns17.cr.usgs.gov/NewEarthExplorer/).  All historic 
images were georeferenced to the 2005 georectified image in ArcGIS version 9.3 using a 
39 
 
minimum of five road intersections as “hard” control points (Hughes et al. 2006).  Pixel 
resolutions range from 0.25 to 1.00 m.  Note that no discernible reduction in size or 
change in shape of the centrally located remnant pond occurred over the 68-year period 
of observation.   
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Fig. 1.2. Two-dimensional model of cross-sectional growth of a hypothetical pioneering 
peat mat assuming a constant lateral encroachment rate of 2.5 cm yr
-1
 (Kratz 1988) and 
various rates of linear vertical accumulation (cm yr
-1
) under an autogenic developmental 
model (Fig. 1.3a).  Model was constructed in Microsoft Excel 2007.  Note the 
unrealistically high vertical accumulation rates (net product of production and 
decomposition processes) required to yield peat mats that are ~1 m thick at the pond – 
peatland interface (Kratz and deWitt 1986).  For comparison, vertical accumulation rates 
presented in Kratz and DeWitt (1986) ranged from 0.034 to 0.075 cm yr
-1
.   
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Fig. 1.3. Conceptual models of floating peatland initiation and expansion in kettle basins.  
The a) widely accepted autogenic model invokes expansion of pioneering plants across 
the lake surface, leading to the gradual encroachment of Sphagnum peatland.  In contrast, 
an allogenic model suggests that significant expansion of the floating mat occurs 
episodically during and after major hydroclimatic fluctuations. Two variants of this 
allogenic model are shown in b and c. In b) prolonged drought (like the 1930s) lowers 
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water level and exposes lake sediments to colonization by peatland plants. Subsequent 
increases in water level result in detachment of the vegetation and peat, and the 
establishment of a floating peatland across the entire basin.  In c) drought exposes lake 
sediments in shallower portions of the basin, resulting in floating mat establishment in 
these areas. A subsequent drought event then exposes lake sediments in deeper areas of 
the basin, resulting in a second episode of floating mat expansion.  
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Fig. 1.4. Conceptual models highlighting the potential consequences of variability in 
basin morphology, lake-sediment accumulation, and landscape position on the timing and 
pattern of floating mat development under the allogenic developmental model.  Three 
hypothetical basin shapes are shown along the upper x-axis, with the elevation of various 
areas of the basins highlighted. Water-level fluctuations (relative to a hypothetical 100-
year average) are shown along with patterns of lake sediment accumulation within each 
basin, with water-level fluctuations greater at sites higher in the landscape. Deeper areas 
of the basin are assumed to accumulate lake sediment at faster rates than shallower areas, 
with the relative rates throughout the basin based on empirical data presented in Dearing 
(1997). The timing of establishment and expansion, as well as the total area of floating 
mat, vary considerably among these hypothetical scenarios. 
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Fig. 1.5. Ecological differences between kettle basins with and without bordering peat 
mats based on a) comparative studies (e.g. Rahel 1984) and b) hypotheses of how these 
variables would change under autogenic and allogenic peatland development models.  
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Studies of spatial patterns reveal large differences between systems with and without 
floating peat mats, but paleolimnological studies could provide details on the 
characteristics and dynamics of the transitions between the two states, especially when 
compared to reconstructed spatiotemporal patterns of peatland development within the 
basin.   
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Fig. 1.6.  Cumulative C accumulation history for a 2.15 m sediment core collected from 
Titus Bog, Erie County, Pennsylvania (Ireland and Booth 2011; Core 4).  An age-depth 
model was generated by linear regression of calibrated 
14
C ages onto associated depths 
(cm) for the five 
14
C ages in the peat deposits and linear interpolation between basal peat 
age and each of the two calibrated 
14
C ages in the underlying lake sediments.  Plotted 
14
C 
data depict the midpoint and bounds of the calibrated 2σ range and a complete list of 
laboratory identifiers and uncalibrated 
14
C data and description of methods is presented in 
Ireland and Booth (2011; Appendix B). Carbon content of volumetric samples was 
estimated following simple loss-on-ignition procedures and the boundary between lake 
sediments and peat deposits was delineated by physical properties of the sediments and 
analysis of plant macrofossils (Ireland and Booth 2011). Data analyses were performed in 
Microsoft Excel 2007.  Note the seven-fold increase in the rate of C accumulation 
following the establishment of peatland at the coring site as well as the increased variance 
of carbon density in the uppermost lake sediments preceding the state shift.   
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Chapter 2: A comparative study of within-basin and regional peatland development: 
implications for peatland carbon dynamics 
 
Abstract 
Northern peatlands are among the most carbon-rich ecosystems on Earth, but many 
unanswered question remain regarding linkages between their long-term developmental 
processes and climatic variability.   In this paper, we present a detailed paleoecological 
reconstruction of the developmental history of a kettlehole peatland in northern 
Wisconsin, USA (Fallison Bog) based on 21 coring locations and temporally constrained 
by 69 radioncarbon dates.  This record of within-basin developmental history is 
compared to a regional dataset containing estimated ages of peatland establishment for 75 
core samples collected from 37 basin-filling peatlands throughout the Laurentian Great 
Lakes Region.  Finally, our data are used to develop a spatially explicit model of whole-
system carbon accumulation in Fallison Bog, which distinguishes between C pools stored 
in sedimentary and peat deposits.  Results indicate that peatland development in Fallison 
Bog was unsteady and non-uniform.  Peatland development was related to the 
morphology of the underlying basin and characterized by pulses of both terrestrialization 
and paludification.  Major episodes of peatland establishment centered on 4,975 ± 527, 
3,175 ± 300, and 2,037 ± 206 (mean ± 95% confidence interval) and smaller 
terrestrialization events occurred around 1,000, 700, and 400 calibrated years before 1950 
A.D.  The timing of peatland development within Fallison Bog was highly correlated 
with timing of peatland development in basin-filling systems across the Great Lakes 
Region (r = 0.70), suggesting a common climatic driver.  Comparison of peatland 
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development in Fallison Bog and independent paleoclimatic records suggested that both 
millennial-scale and sub-centennial-scale variability in hydroclimate influenced temporal 
patterns of peatland development.  Model results indicated that Fallison Bog accumulated 
approximately 6655 t of C during the Holocene, with 66% of this total stored in peat 
deposits that have accumulated in only the last 5,000 years.  Collectively, model results 
and the strong correlation between the timing of within-basin and regional pulses of 
peatland establishment imply that basin-filling peatlands could have experienced 
complicated C accumulation histories during the Holocene and could be important 
players in future C cycling under climatic change.   
 
2.1. Introduction 
Northern peatlands are among the most carbon-rich ecosystems on Earth.  Recent 
estimates indicate that these systems have accumulated roughly 550 Gt of carbon (C) 
during the Holocene at an average, but highly variable, rate of about 19 gC m
-2
 yr
-1
 (Yu et 
al. 2010).  This C pool is comparable in magnitude to the modern atmospheric pool and is 
stored within the upper few meters of the land surface, yielding appreciable potential for 
feedbacks with the climate system.  Recognition of this potential for globally significant 
interactions between northern peatlands and climate dynamics has motivated efforts to 
explicitly include peatlands in global climate models (Frolking et al. 2009).  However, 
these efforts are hampered by an incomplete understanding of the processes that 
contributed to unsteady rates of lateral expansion and vertical accumulation of peat 
deposits documented in the geologic record (Korhola et al. 2010, Yu et al. 2010, Yu et al. 
2011).  Uncertainty regarding the potential coupling of northern peatlands and climate 
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dynamics is disconcerting, given the likelihood of warmer and more variable climatic 
regimes in the coming decades relative to the present ( Meehl and Tebaldi 2004, Schär et 
al. 2004, Meehl et al. 2007).   
 
In previously glaciated zones of temperate North America, peatlands are mostly confined 
to discrete depressions on the landscape and exist within a matrix of upland vegetation 
(Kratz and Medland 1989).  Although these systems tend to be small in terms of aerial 
extent (about 2 ha), they can be up to 15 m in depth and store large quantities of C in the 
form of peat and sedimentary deposits (Buffam et al. 2010).  For example, recent 
estimates from the Northern Highlands Lake District in northern Wisconsin (USA) 
indicate that basin-filling lake and peatland complexes occupy only about 33% of the 
land surface, but store approximately 80% of the total fixed-C pool across thousands of
 
heavily forested square kilometers (Buffam et al. 2011).  However, very little is known 
about the rates at which these C pools accumulated during the Holocene, the relative 
importance of different pathways of peatland development in basin-filling systems, or the 
long-term interactions between peatland processes and climatic variability. 
   
Generally speaking, basin-filling peatlands develop by two primary pathways: lakeward 
expansion of buoyant peat mats and sediment-infilling (terrestrialization) and outward 
expansion of peatland over upland soils (paludification) (Charman 2002).  Traditionally, 
autogenic processes have been thought to exert dominant control over both of these 
developmental pathways, which leads to predictions of gradual, climate-independent 
peatland development throughout the Holocene (Kratz and DeWitt 1986; Anderson et al., 
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2003).  However, recent work has linked pulses of terrestrialization to climate-driven 
water-level fluctuations (Campbell et al. 1997, Ireland and Booth 2011), demonstrating 
potentially serious flaws with widely accepted conceptual models of climate independent 
peatland development in basin-filling systems.  Similarly, previous studies have 
suggested that shifts toward generally wet climatic regimes could cause outward 
paludification in basin-filling peatlands (Brugam and Johnson 1997).  Contrasting 
climate-driven and climate-independent conceptual models of developmental processes 
leads to dramatically different predictions for past and future C-accumulation rates in 
these systems (Ireland et al. In Review).    
 
In this paper, we present a detailed reconstruction of peatland development in a northern 
Wisconsin kettlehole depression (Fallison Bog; Kratz and DeWitt 1986) based on 20 peat 
cores and one lake core and temporally constrained by 69 radiocarbon (
14
C) dates.  We 
demonstrate an episodic developmental history that included both terrestrialization and 
paludification pathways.  Comparison of these data to a synthesis of data from 75 core 
samples collected in 37 basin-filling peatlands throughout the Laurentian Great Lakes 
Region demonstrates that within-basin and regional episodes of peatland development 
were temporally coherent, suggesting a common climatic driver.  Comparison of peatland 
developmental timing and independent reconstructions of paleohydrology demonstrates 
that data are consistent with a conceptual model of peatland expansion driven by climate-
induced water-level variability (Ireland et al. In Review).  We use our data from Fallison 
Bog to develop a spatially explicit model of whole-system C accumulation, which 
illustrates the potential C-cycling implications of these results.    
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 2.2. Study site and methods 
2.2.1. Site description  
Fallison Bog (45.995° N; 89.613° W) is located in northern Wisconsin, USA (Fig. 2.1).  
Surficial geology of the region was structured by the most recent deglaciation, which 
deposited approximately 40 m of sandy outwash over granitic bedrock (Kratz and 
Medland 1989).  Subsequent melting of buried ice blocks formed a gently undulating 
landscape with abundant depressions and surface elevations ranging from 480 to 550 m 
above sea level.  Within this landscape, lakes and peat-forming wetlands occupy 
approximately 13 and 20% of the total land area, respectively (Buffam et al. 2011).  
Regional uplands are generally covered by second-growth forest (53% of total land area) 
and contain minimal agriculture or urbanization (Buffam et al. 2011).  Between 1895 and 
2008, precipitation averaged 81 cm annually and was distributed fairly evenly throughout 
the year while January and July air temperatures averaged -12 and 19 °C, respectively 
(NOAA, Earth System Research Laboratory, 
http://www.esrl.noaa.gov/psd/data/timeseries/).   
 
Fallison Bog occupies an approximately 6-ha kettle depression.  The system consists of a 
small (0.3 ha), centrally located pond (Fig. 2.1b) surrounded by a nutrient-poor peatland 
that is dominated by Sphagnum mosses, Chamaedaphne calyculata, Carex oligosperma, 
and Rhynchospora alba (Kratz and DeWitt 1986).  At the present, the peatland floats on 
trapped water pockets within about 20 m of remnant pond, but is solidly grounded on 
underlying sediments elsewhere in the basin.  A dense stand of Picea mariana occurs on 
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the floating peatland within about 10 to 15 m of the western and northern margins of the 
pond while the grounded portion of the peatland contains only infrequent and scattered 
stems of Picea mariana, Pinus strobus, and Pinus resinosa.  The basin generally deepens 
toward the center, reaching a maximum depth of about 11 m (Fig. 2.1b).     
 
2.2.2. Field methods 
Within Fallison Bog, two coring transects were established parallel to the long axes of the 
system and a published bathymetry map (Kratz and DeWitt 1986) was used to select 
three additional coring sites in the southern portion of the peatland (Fig. 2.1b).  Along 
each transect, metal probe rods were used at 5- to 10-m intervals to measure the depth 
from the peatland surface to the glacial drift forming the basin bottom, with the resulting 
depth profiles used to guide the placement of coring locations.  Basin depth was also 
measured at coring sites 18, 19, and 20 (Fig. 2.1b).  In general, coring sites were spaced 
10 to 20 m apart along transects, ensuring that multiple cores were collected in areas of 
similar basin depth.  In total, 20 peatland cores were collected.   
 
At coring sites 1, 4, and 9 (Fig. 2.1b), a tripod-mounted piston corer, 10 cm in diameter 
and 100 cm in length, was used to sample the complete peat deposit from the surface to 
the contact with underlying sediments.  At coring site 1, a single drive of the piston corer 
terminated in mineral material comprising the basin bottom.  A Russian-type peat corer, 5 
cm in diameter and 50 cm in length, was subsequently used to replicate the bottom of the 
piston core and ensure that the contact between organic deposits and underlying drift was 
cleanly captured.   At coring site 4, the Russian-type peat corer was used to capture the 
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contact between peat deposits and underlying lake sediments and to sample the entire 
lake sediment deposit down to the contact with underlying glacial drift.   At coring site 9, 
the Russian-type peat corer was used to capture the contact between peat and lake 
sediment and about 25 cm of both the overlying peat deposits and the underlying lake 
sediments.  Only the Russian-type peat corer was used at the other coring sites.  Russian-
type cores were vertically positioned to capture the contact between peat deposits and 
underlying sediment.  In most cores, peat and sedimentary deposits were markedly 
different in color and texture, making the contact obvious in the field.  In cases where 
these differences were more subtle, additional overlapping cores were collected both 
deeper and shallower in the profile to ensure that contact was captured and could be 
delineated by laboratory analyses (see below).  All peatland cores were described in the 
field, wrapped in plastic and aluminum foil, and placed into rigid containers for transport 
to cold storage.  
 
Core 21 was collected from the centrally located remnant pond during the winter, using 
the frozen surface as a stable coring platform.  The core was collected using a modified 
Livingstone piston corer.  The upper 3 m of poorly consolidated sediment were collected 
with a polycarbonate barrel 7-cm in diameter and the lower 4.65 m of denser sediment 
were collected with a steel barrel that was 5-cm in diameter.  Core drives were wrapped 
in plastic and aluminum foil in the field and stored in rigid containers for transport to the 
National Lacustrine Core Facility in Minneapolis, Minnesota (LacCore).    
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2.2.3. Laboratory methods 
Previous work in a similar kettle system demonstrated that organic matter content and 
macrofossil remains could be used to objectively delineate the contact between overlying 
peat and underlying sedimentary deposits (Ireland and Booth 2011) and modified 
versions of these methods were used in cores collected from Fallison Bog.  In each 
peatland core, loss-on-ignition analysis (LOI) was performed at either 1- or 2-cm 
resolution by collecting 1-cm
3 
samples, weighing samples after drying for 14 hours at 80 
°C, and subsequently reweighing after 2 hours of combustion at 550 °C.  The percent of 
dry weight lost during combustion used as an estimate of the organic matter content of 
the sample (Heiri et al. 2001, Chambers et al. 2011).  LOI analysis was performed at 1-
cm resolution throughout the entire length of the pond core (Core 21).       
 
In each peatland core, stratigraphic changes in macrofossil composition were documented 
using a modified version of a semi-quantitative method presented in Yu et al. (2003).  
Volumetric samples (2 cm
3
) were disaggregated by gently wet sieving and all material > 
125 μm was retained.  Captured material was placed into a gridded plastic dish, dispersed 
in approximately 30 mL of water, and scanned under a standard dissecting microscope.  
For each sample, botanical constituents were classified as one of eight plant functional 
types, unidentifiable plant remains, or mineral matter (Table 2.1).  Percent representation 
of each class was estimated in four pre-determined grid cells (4 cm
2
) within the plastic 
dish, mean values for each category were calculated, and means were used as estimates of 
the percentage of each class within each sample.  A published guide to peatland 
macrofossils (Mauquoy and Van Geel 2007) was used in identifications, but botanical 
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remains were not classified to the lowest possible taxonomic resolution.  Macrofossil 
analysis was generally restricted to core sections bracketing the contact between peat and 
sedimentary deposits and was generally performed at either 5 or 10 cm resolution, 
depending on the length of the core and the availability of material.  In some cases, 
sampling resolution was increased across the contact.      
 
In all peatland cores, 
14
C dating was used to constrain the age of the contact between peat 
deposits and underlying sediments (Appendix 2.A).  Identifiable aboveground plant 
macrofossils were collected as near as possible to the objectively delineated contact 
between overlying peat and underlying sedimentary deposits (see below), rinsed in 
deionzed water, and cleaned of particulate contaminants under a standard dissecting 
microscope.  Cleaned samples were dried at 80 °C for 14 hours and weighed to ensure a 
minimum sample size of 1 mg.  Each sample was packaged in aluminum foil and a glass 
sample vial and submitted for accelerator mass spectroscopy (AMS) 
14
C dating to one of 
four laboratories (Appendix 2.A).  In 10 of 20 peatland cores, multiple 
14
C dates were 
obtained to constrain vertical accumulation rates.  In the core collected from the pond 
(Core 21), LacCore personnel used standard procedures 
(http://lrc.geo.umn.edu/laccore/pollenprep.html) to isolate pollen from four depths for 
AMS 
14
C dating (Appendix 2.A).   
 
2.2.4. Analysis of peatland core data 
In each peatland core, LOI measurements collected within the minimum and maximum 
depths of macrofossil analysis were extracted (n = 1090 of 1841 total measurements) and 
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compiled to assess the distribution and standardize prior to plotting with macrofossil data 
(Fig. 2.2).  Because mean LOI varied from core to core and compiled LOI data were 
negatively skewed (-2.52), observations were rescaled by percentile-rank for visual 
comparison to macrofossil data (Fig. 2.2).  Macrofossil data (%) from all cores were 
combined (n = 219) for principle components analysis (PCA) of the correlation matrix in 
the software package PAST version 1.78 (Hammer et al. 2001).  PCA axis 1 scores were 
used to summarize variability in multivariate macrofossil data (Fig. 2.2; Table 2.1).  
 
To objectively delineate the contact between overlying peat and underlying sediments 
with the greatest possible accuracy, linear interpolation between sampled depths was used 
to increase the resolution of macrofossil data to that of the of higher-resolution LOI data.  
Macrofossil and non-standardized LOI data (both in units of %) were combined, yielding 
a dataset with 11 variables for each sampled depth.  Samples were classified as either 
peat or sediment by K-means cluster analysis (k = 2) using PAST version 1.78 (Hammer 
et al. 2001).  The only exception to this approach was in core 10, which was collected 
within 2 m of the modern pond edge.  In this core, cluster analysis failed to distinguish 
highly organic and macrofossil-rich lake sediments from peat.  However, the contact was 
obvious in the field and these observations were used in the delineation (Fig. 2.2).    
 
In each peatland core, the age of the contact between peat and underlying sediments was 
estimated using one of three approaches, depending on the availability of material for 
14
C 
dating.  In cores where suitable macrofossils were collected from within 5 cm of the 
contact (n = 10 of 20), 
14
C dates were calibrated (years before 1950 AD [cal yr BP]) in 
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the program Calib 6.0.1 (Stuiver and Reimer 1993) using the IntCal09 calibration data set 
(Reimer et al. 2009) and the resulting probability distribution was used as an estimate of 
the contact age.  This approach was also applied to six sampling locations at which 
14
C 
ages of the contact between overlying peat and underlying sediments were previously 
obtained (Kratz and DeWitt 1986).  In cores where two or more 
14
C dates were obtained 
with sufficient separation in depth and age, a simple age-depth model was developed by 
linear interpolation between dated intervals.  In these cores, calibration of 
14
C dates 
(IntCal09) and age-depth modeling was performed using R code (CLAM) presented in 
Blaauw (2010).  A 1000-iteration Monte Carlo re-sampling procedure was employed to 
construct a probability distribution bounded by the 99% confidence interval (3 σ), which 
served as an age estimate for the contact in each of these cores (n = 6 of 20).  In four 
cores, a single 
14
C date was obtained from > 5 cm above the boundary between peat 
deposits and underlying sediments (depth separation range = 6 – 16 cm).  In these cases, 
the contact age was estimated by calibrating the 
14
C date in the program Calib 6.0.1, 
calculating the midpoint of the 2 σ range, and adding to this age a number of years 
calculated by multiplication of mean peat deposition time (years cm
-1
) observed in age-
depth models described above and the number of cm separating the 
14
C date from the 
contact boundary.  The resulting point estimate was used as the mean in a normal 
distribution where σ was taken from the calibrated 14C date.  These normal distributions 
were truncated at 3 σ and used as the estimated contact ages for these four cores.  The 
mean peat deposition time used in these calculations was 8.8 years cm
-1
 (σ = 6.6), 
excluding cores 1 and 15 where there is no evidence of lake sediments underlying peat 
deposits and calculated deposition times were much higher (~70 years cm
-1
) than 
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elsewhere in the basin.  In practice, this method did not substantially alter age estimates 
obtained from the single 
14
C dates, owing to rapid accumulation rates and relatively small 
vertical separations between the 
14
C dates and the contact boundary.     
 
2.2.5. Modeling whole-system carbon accumulation in Fallison Bog 
A spatially explicit agent-based model (ABM) was written in NetLogo 4.0.4 (Wilensky 
1999).  The ABM was designed to import a digital basin model and treat each grid cell as 
a geographically referenced agent of sediment and peat accumulation (Appendix 2.B).  
The digital model of the basin underlying Fallison Bog was generated in ArcGIS 10 ® by 
digitizing a contour map presented in Kratz and DeWitt (1986), using this map to assign 
values to a gridded network of points spaced 5 m apart, and converting these points to a 
raster file comprised of 5 × 5 m grid cells with integer values of basin depth.  The 
resulting raster was checked for accuracy against depth measurements collected along 
coring transects and found to be an acceptable representation of the basin.   
 
In each grid cell, basin depth served as the independent variable in predicting the depth of 
the contact between peat deposits and underlying sediments as well as the contact age 
(Fig. 2.3).  From these parameters, average linear accumulation rates (m year
-1
) were 
estimated for both the underlying sedimentary deposits and the overlying peat in each 
grid cell through division of strata thickness (m) by time of strata accumulation (years).  
To estimate the time at which organic sediments began to accumulate in the basin, 
CLAM (Blaauw 2010) was used to develop a linearly interpolated age-depth model for 
Core 21, collected within the central pond (Fig. 2.4).  The C accumulation ABM initiated 
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at 12400 cal yr BP, progressed at yearly time steps and instructed each grid cell to 
accumulate sediment until that grid cell’s unique predicted peat-initiation age, at which 
point, sediment accumulation ceased and peat accumulation began.  Vertical 
accumulation rates (m year
-1
) and grid-cell area (25 m
2
) were used to calculate volumetric 
accumulation in each grid cell through time.     
 
LOI data were used to estimate mean C concentration of peat deposits and lake 
sediments.  LOI measurements for complete peat profiles collected using the piston corer 
at peatland coring sites 1, 4, and 9 were combined (n = 659) and used to estimate C 
concentration of peat while the LOI measurements from the pond core (Fig. 2.4) (n = 
715) were used to estimate the C concentration of sedimentary deposits.  For each 
volumetric sample (1 cm
-3
), C concentration was estimated by multiplication of dry bulk 
density (g cm
-3
), proportional LOI, and a conversion factor of 0.5, which assumes that the 
organic matter of these deposits is composed of 50% C by weight (Buffam et al. 2011).  
The resulting means were converted to units of kg C m
-3
, yielding estimates of 47 ± 15 
and 37 ± 20 for peat and sediments, respectively (uncertainty = 2σ).  Within each grid 
cell, these mean values were used to convert volumetric accumulations (m
3
) into units of 
C accumulation (kg C).  The model summed C accumulation across all grid cells and 
reported whole-system C storage in units of metric tons, distinguishing between 
sedimentary and peat C pools.    
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2.2.6. Comparison of within-basin and regional timing of peatland development 
A comprehensive literature survey was conducted to identify basin-filling peatlands 
within a geographic area bounded by the latitudinal and longitudinal maxima of 
Laurentian Great Lakes watershed in which the timing of peatland establishment over 
underlying organic sediments was well constrained.  In total, 37 sites were identified 
(Fig. 2.1a, Appendix 2.C), seven of which contained multiple coring locations with age 
estimates (Appendix 2.C).  Included in this synthesis were five basins with previously 
unpublished data (Appendix 2.C).  At these sites, field observations and laboratory 
methods as described above for Fallison Bog were used to guide the collection of 
macrofossil samples for of 
14
C dating, the resulting 
14
C dates were calibrated in the 
program Calib 6.0.1, and these dates were used as age estimates for the contact between 
overlying peat and underlying sediments.  For data obtained by literature survey, age of 
the contact between peat and underlying sediment was estimated in one of three ways.  In 
cases where the original authors 
14
C-dated the contact directly, the reported 
14
C date was 
recalibrated in the program Calib 6.0.1 using the IntCal09 calibration dataset, with the 
full probability distribution of the calibrated date used as the age estimate.  In cases 
where the contact was not directly dated, but the original authors inferred age based on 
indirect evidence (i.e., pollen profiles), the authors’ point age-estimate was used as the 
mean for a normal distribution with σ = 100 years.  These normal distributions were 
truncated at 3 σ and served as age estimates for the contact.  At site 31, the depth of the 
contact between peat and underlying sedimentary deposits was extracted from a 
stratigraphy diagram, reported 
14
C data were used to construct a linearly interpolated age-
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depth model in CLAM (Blaauw 2010), and the resulting probability distribution for the 
contact depth was truncated at 3 σ and used as the age estimate.    
 
For every year between 11000 and -60 cal yr BP, the number of cores with probability > 
0 was summed and this sum was divided by the total number of observations, yielding a 
rescaled histogram that can be interpreted in terms of probability of peatland 
development (cf. Yu et al. 2010).  This same procedure was employed for 26 cores 
collected from the peatland portion of Fallison Bog, including six cores presented in 
Kratz and DeWitt (1986).  The degree of association between within-basin and regional 
timing of peatland development was estimated by calculating Pearson’s correlation 
coefficient.   
 
2.3. Results 
2.3.1. Spatiotemporal patterns of peatland development in Fallison Bog 
Contrary to predictions of classical conceptual models of terrestialization and the 
interpretation of data previously collected at Fallison Bog (Kratz and DeWitt 1986), ages 
of peatland inception did not systematically decrease towards the centrally located pond.  
Rather, estimated ages of peatland establishment generally decreased toward the margins 
of the system and clustered with respect to basin depth (Fig. 2.5, Fig. 2.6).  Grouping 
point estimates of contact age by basin depth suggested that major episodes of peatland 
establishment occurred at 4975 ± 527, 3175 ± 300, and 2037 ± 206 cal yr BP (mean ± 
95% confidence interval).  The events centered on 4975 and 3175 cal yr BP strictly 
involved terrestrialization, while the event centered on 2037 cal yr BP included 
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paludification into portions of the basin ≤ 1.2 m in depth, where organic sediments were 
not encountered under peat deposits (Fig. 2.2).  In Core 1, overlying peat deposits were 
separated from underlying mineral matter by a pronounced layer of charcoal, which 
yielded as calibrated 
14
C age of 2520 ± 160 cal yr BP (Appendix 2.A).  Subsequent 
terrestrialization events occurred along the margins of the modern pond around 1000, 
700, and 400 cal yr BP; however, core data suggest that the size and shape of the remnant 
pond have changed very little in the last few hundred years.   
 
2.3.2. Carbon accumulation in Fallison Bog 
Model results suggest that Fallison Bog has accumulated approximately 6655 t of C 
during the Holocene (Fig. 2.7).  Roughly 66% of this C (4396 t) is stored in peat while 
the remaining 34% (2264 t) is stored in lacustrine sediments underlying peat deposits and 
the modern pond.  The marked difference in the magnitude of these pools was driven by 
significant differences between peat and sedimentary deposits both in terms of C 
concentration (t (1330) = 21.09, p < 0.001) and rates of vertical accumulation (t (3185) = 
110.33, p < 0.001).  On average, C concentration was about 1.3 × greater and 
accumulation rates were about 3.2 × higher in peat compared to sedimentary deposits.  
Accumulation rates also increased towards the basin center, a pattern apparent in 
14
C data 
(Appendix 2.A) and previously observed in bulk density data collected within this basin 
(Kratz and DeWitt 1986).     
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2.3.3. Correlation between within-basin and regional timing of peatland 
development   
Probability distributions of peatland establishment within Fallison Bog and across the 
broader Great Lakes Region were highly correlated (r = 0.70, Fig. 2.8).  In both cases, the 
probability of peatland development increased dramatically around 5000 cal yr BP.  
Subsequent spikes occurred around 3000, 2000, and 1000 cal yr BP.   
 
2.4. Discussion 
2.4.1. Water level variability and peatland formation  
Data indicate that the developmental history of Fallison Bog was much more complex 
than would be predicted by a simple conceptual model of autogenic, centripetal 
terrestrialization (e.g. Kratz and DeWitt 1986).  Specifically, spatiotemporal patterns of 
development reflected the morphology of the underlying basin and not the perimeter of 
the modern peatland (Fig. 2.6).  The relationship between basin depth and peatland 
initiation age in Fallison Bog (Fig. 2.3b) suggests that water level variability could have 
exerted a strong influence over the timing and location of peatland development.  
Assuming that peatland developed when and where water level intersected with substrate 
suitable for colonization by pioneering peatland plants (Ireland et al. In Review), enables 
reconstruction of the water-level history in the basin (Fig. 2.9).  General patterns of this 
history indicate that the water level was about 1.2 m lower than today around 7600 cal yr 
BP, dropped by about 3 m around 5,000 (± 500) cal yr BP, and remained low until about 
3200 (± 300) cal yr BP when water level abruptly rose by about 1.5 m (Fig. 2.9).  Around 
2000 (± 200) cal yr BP, the water level increased by about 1 m, facilitating outward 
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paludification into shallow portions of the basin (cf. Brugam and Johnson 1997).  Data 
suggest a pronounced water-level reduction around 1000 (± 100) cal yr BP followed by a 
general increase toward the modern level, although terrestrialization events that occurred 
around 700 and 400 cal yr BP were probably related to smaller water-level fluctuations 
(cf. Ireland and Booth 2011).   
 
Millennial-scale patterns in water level variability at Fallison Bog are broadly consistent 
with lake-level and pollen data (Winkler et al. 1986, Yu et al., 1997, Brugam et al. 1998), 
geomorphological evidence (Baker et al. 1992), and speleothem data (Dorale et al. 1992, 
Dennistone et al. 1999a, Dennistone et al. 1999b) documenting the occurrence of a 
generally dry middle Holocene in the upper Midwest followed by a transition toward 
increased moisture availability around 3500 to 3000 years ago.  This pattern of climate 
change has generally been attributed to shifting westerly winds that favored eastward 
penetration of cool, dry Pacific air masses and excluded moister air masses derived from 
the Gulf of Mexico (Yu et al. 1997, Booth et al. 2006a), although altered ocean – 
atmosphere interactions associated with anomalies in sea-surface temperature could also 
have been important in the occurrence of prolonged droughts throughout the region 
(Booth et al. 2006a).  While millennial-scale climate changes are reasonably well 
understood, recent work has demonstrated that the Laurentian Great Lakes Region has 
experienced more pronounced multidecadal hydroclimatic variability than previously 
realized and that this variability, which was superimposed over millennial-scale climate 
changes, has had substantial ecological consequences (Booth et al. 2003, Tweiten et al. 
2009, Booth et al. In Press).  
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While the broad patterns of depth at which peatland established in Fallison Bog were 
likely controlled by millennial-scale changes in regional moisture balance, the temporal 
clustering of ages and the episodic nature of peatland development was probability 
controlled by multidecadal hydroclimatic variability (Fig. 2.9; Ireland and Booth 2011, 
Ireland et al. In Review).  For example, peat-based hydroclimatic reconstructions 
document the occurrence of major multidecadal drought events during the prolonged 
middle-Holocene dry interval centered on about 5000 cal yr BP (Booth et al. In Review).  
Similarly, subsequent episodes of peatland developmental at Fallison Bog coincided with 
major fluctuations from drought to pluvial conditions recorded in reconstructed water-
table depths at Irwin Smith Bog (Fig. 2.9), located at a similar latitude as Fallison Bog in 
eastern Michigan.  For instance, the marked paludification event around 2000 cal yr BP 
coincided with the largest pluvial event in the 7600-year record from Irwin Smith Bog 
(Fig. 2.9).  These results are in agreement with previous work that has documented 
outward paludifcation in kettle ecosystems and attributed this phenomenon to climate-
driven lake-level increases (Brugam and Johnson 1997).  Finally, the most recent 
terrestrialization events at Fallison Bog generally coincided with terrestrialization events 
recorded at Titus Bog in northwestern Pennsylvania, which were attributed to major 
mulitidecadal drought events (Booth et al. 2006b, Ireland and Booth 2011).  In summary, 
the spatiotemporal pattern of peatland development at Fallison Bog is consistent with a 
climate-driven model of peatland development in which water-level variability 
superimposed over basin morphology determines the timing and placement of peatland 
establishment within the basin (Ireland et al. In Review).  
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2.4.2. Implications of regional temporal coherence under global climate change 
Consistency between the timing of within-basin and regional episodes of peatland 
development (Fig. 2.8) strongly suggests a common climatic driver.  Because peatland 
processes are sensitive to moisture balance (Charman 2002) and hydroclimatic variability 
has previously been linked to within-basin patterns of peatland development (Buell et al. 
1968, Campbell et al. 1997, Ireland and Booth 2011), it is likely that hydroclimatic 
variability drove the temporal patterns of basin-filling peatland establishment throughout 
the Laurentian Great Lakes Region.   
 
Modeling studies predict enhanced variability in the hydrologic cycle across the 
Laurentian Great Lakes Region under plausible future climatic scenarios (Lorenz et al. 
2009).  Data and interpretations presented in this study suggest that these hydrological 
changes could yield increased rates of basin-filling peatland establishment.  Furthermore, 
the results of C-accumulation modeling at Fallison Bog suggest that increased occurrence 
of peatland establishment could increase C sequestration at landscape-to-regional spatial 
scales.  Though speculative, these interpretations suggest that over times scales of 
decades to millennia climate-driven peatland development in basin-filling systems could 
potentially serve as a negative feedback to climate change.  Similar ideas were recently 
proposed for boreal peatlands, where warming could potentially increase plant 
productivity more than belowground decomposition (Yu et al. 2011).    
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While more research is required to determine if increased C storage in basin-filling 
peatland systems could be of global significance, these systems are certainly important in 
landscape-to-regional scale C cycling.  Recent work has demonstrated that peat and 
sedimentary deposits in closed-basin systems are by far the most significant C pool in 
previously glaciated northern temperate regions, even when heavily forested (Buffam et 
al. 2011).  Increased understanding of the dynamic processes affecting C accumulation 
rates in basin-filling lake-peatland complexes will be crucial in developing C-cycling 
models at regional scales, where most management decisions and climate-change 
mitigations occur (Buffam et al 2010).        
 
2.4.3. Future directions in modeling closed-basin C accumulation 
Our spatially explicit ABM uses a field-tested digital model of basin depth, two 
regression models of peat-core data, and LOI-based C-concentration estimates to model 
ecosystem development and C accumulation through time.  This model assumes that (i) 
the system became available for sediment accumulation at 12400 cal yr BP, (ii) that the 
total thickness of lake sediment accumulation within any grid cell is predictable as a 
linear function of basin depth (Fig. 2.3a), and (iii) that the age of the contact between 
sediment and peat deposits is predictable with a 6
th
-order polynomial in which basin-
depth is the independent variable (Fig. 2.3b).  In this form, the ABM is deterministic, 
retrospective, and is essentially a representation of the data (cf. Friedman et al. 1979, 
Kratz et al. 1979).    
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Embedded within the third assumption of the numerical model is an implied relationship 
between basin water-level and peatland development, as suggested by the data collected 
in Fallison Bog (Fig. 2.5, Fig. 2.6) and the strong correlation between within-basin and 
regional timing of peatland development episodes (Fig. 2.8).  In essence, the model 
assumes that peatland develops when the water level within the basin is equal to the level 
of substrate available for colonization by pioneering peatland plants, a hypothesis that has 
recently been developed in a series of conceptual models (Ireland et al. In Review).  The 
current version of the numerical model uses the regression of contact age versus basin 
depth as a proxy for water-level variability because reliable, high-resolution paleo-
climate records are rare in this region and translating existing records into a meaningful 
index of regional water table variability is challenging.  However, with further research 
and collection of basin morphology data from other systems within an area of well-
understood paleoclimate, this ABM could be reformulated to predict peatland 
establishment as a function of water-level, which could itself vary with a physically based 
sub-routine within the model.  A revised ABM could be further refined by oscillating 
between deductive and inductive approaches, using the model to generate hypotheses 
regarding peatland development and testing those hypotheses with collection of 
paleoecological data.  Ultimately, a well-validated version of this ABM could use a 
digital model of surface morphology to predict regional-scale peatland development in 
basin-filling systems under different future climate scenarios.  In this way, the potential 
magnitude of feedbacks between climate and peatland processes could be quantitatively 
tested.      
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2.5. Conclusions 
Peatland development at Fallison Bog was spatially complex, involving episodic pulses 
of both terrestrialization and paludification.  The timing and location of peatland 
establishment episodes reflected the interaction of climate-driven water level fluctuations 
and the morphology of the underlying basin.  These results are not consistent with models 
of peatland development driven purely by autogenic succession, but rather suggest that 
climate plays a dominant role, especially considering the temporal synchronicity between 
within-basin and regional episodes of peatland developmental in the Laurentian Great 
Lakes Region.  Carbon accumulation in Fallison Bog basin was dominated by peat 
deposits, which have sequestered C at significantly greater rates than sedimentary 
deposits.  Tandem interpretation of data-synthesis and modeling results suggests that 
enhanced hydroclimatic variability in the Laurentian Great Lakes Region could 
potentially increase C storage in kettle basins; however, future research is needed to 
estimate the potential magnitude of this C storage increase. 
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Table 2.1. Categories used in macrofossil analysis of correlations with PCA axes 1 and 2. 
Note that corresponding ordination plot appears in Fig. 2.2b. 
 Loadings (correlation) 
Macrofossil Category PCA 1 PCA 2 
Sphagnum moss 0.552 -0.004 
Brown moss  -0.015 -0.641 
Sedge stems and rhizomes 0.531 0.353 
Fine translucent rootlets -0.761 0.157 
Woody roots and stems 0.704 -0.224 
Shrub leaves and seeds 0.082 -0.812 
Overstory tree leaves and seeds -0.215 -0.259 
Aquatic plant fragments and seeds -0.633 0.116 
Unidentifiable plant remains  0.614 0.342 
Mineral material (all particle sizes) -0.888 0.048 
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Fig. 2.1.  Regional orientation map and detailed site map of Fallison Bog.  a. Regional 
map depicting the locations of the Fallison Bog study site, Crooked Lake (Brugam et al. 
1998), Irwin Smith Bog (Booth et al. In Press, Booth et al. In Review), and 37 closed-
basin peatland sites included in a regional synthesis of peatland development timing 
(Appendix 2.C).  b. Detailed map of Fallison Bog basin depicting the location of core 
samples collected in this study (red circles) and those collected by Kratz and DeWitt 
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(1986) (blue squares).  The gray shaded region represents the modern extent of the 
remnant pond.  Please note that for clarity only the first and last core of each transect was 
labeled and that core identification numbers are sequential.   
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Fig. 2.2. Compiled data from 20 peatland cores collected from Fallison Bog.  a. Core 
identification numbers reflect location in Fig. 2.1b.  Within each core, gray open circles 
represent percentile-scaled LOI data, black closed circles represent PCA axis 1 scores of 
macrofossil data, and the thick red line denotes the contact boundary as determined by k-
means cluster analysis.  In core 10, which was collected within 2 m of the modern 
peatland-pond interface, the cluster analysis misclassified highly organic and 
macrofossil-rich lake sediment as peat and the boundary is represented by the dotted red 
line.  Note that all cores display marked shifts coincident with the contact between peat 
and underlying sedimentary deposits.  In cores 1 and 15, there was no evidence of 
organic sediments separating peat deposits from mineral material forming the basin 
bottom.  In both of these cores, charcoal is abundant at the interface between peat and 
mineral material.  b. Principle components ordination of macrofossil data.  Samples were 
assigned triangular or square symbols based on classification as peat or sediment 
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(respectively) by k-means cluster analysis.  Note the strong separation along PCA axis 1.  
Vectors are excluded for clarity, but loadings (correlations) for each macrofossil category 
are presented in Table 1.  c. Box plots of all LOI data collected within the minimum and 
maximum depths of macrofossil analysis (n=1090).  Samples were separated based on 
classification by k-means cluster analysis (except for core 10 as explained above).  Note 
the highly significant difference (unequal variance assumed) in LOI between peat and 
sedimentary deposits.   
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Fig. 2.3.  Empirical relationships between basin depth and peatland development used in 
modeling C accumulation as a function of time.  a. Linear regression models of peat – 
sediment contact depth as a function of basin depth.  Data presented in Kratz and DeWitt 
(1986) were from a series of probing stations, not the seven core locations depicted in 
Fig. 2.1.  Red points represent the 20 cores collect in this study.  Note that the same 
relationship was found by Kratz and DeWitt (1986) and this study, although there is 
systematic disagreement in the depth of the contact between peat and sedimentary 
deposits.  We consistently placed the boundary shallower than did Kratz and DeWitt 
(1986).  The regression model of data collected in this study (red points) was used in the 
C accumulation modeling.  The point excluded from the regression model (core 10) was 
collected near to the current pond margin where the 2.5-m thick peat mat is relatively thin 
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for the 9.0 m basin depth.  b. A 6
th
 order polynomial (y = -0.2937x
6
 + 2.3201x
5
 + 
67.107x
4
 - 1124x
3
 + 6288.5x
2
 - 13434x + 10828) was used to summarize the relationship 
between basin depth and peatland initiation age. For each core, the midpoint of the age 
estimate was used in the regression model and the error bars represent the 2σ range 
bracketing those midpoints.  Note that this relationship is essentially a proxy for water-
level variability, which will be included in future modeling efforts.  Note also that cores 1 
and 15 suggested that, at basin depths ≤ 1.2 m, the peatland expanded outward by 
paludification (cf. Brugam and Johnson 1997).   
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Fig. 2.4.  Age-depth model and LOI data from Core 21, collected within the remnant 
pond.  Red error bars represent the full 2σ range of calibrated 14C dates and the gray 
shaded region represents the 95% confidence range of the age-depth model generated by 
linear interpolation in CLAM (Blaauw 2010).  The initiation age of 12400 cal yr BP for 
organic accumulation was based on extrapolation of the best fit line to the depth at which 
LOI indicates that organic matter is absent (715 cm).  Although extrapolation of age-
depth models significantly increases uncertainty, this age estimate is in general agreement 
with the timing of regional deglaciation (Dyke 2005) and is not the most important 
parameter of the C accumulation model.    
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Fig. 2.5. Estimated age (cal yr BP) of the contact between overlying peat and underlying 
sedimentary deposits.  Red circles represent data collected in this study and blue squares 
represent data presented in Kratz and DeWitt (1986).  In both cases, 2σ uncertainty is 
presented within parentheses.  Note that Kratz and DeWitt (1986) rejected a seemingly 
young age from a shallower portion of the basin because it did support the assumed 
pattern of decreasing age toward the center of the basin.  Although this age is younger 
than those obtained nearby in this study, the date was not rejected in subsequent 
syntheses presented in this paper (Fig. 2.8).  The 8780 cal yr BP age estimate presented in 
Kratz and DeWitt (1986) was collected from the bottom of a small sub-basin, about 0.5 m 
below the contact between overlying peat and underlying sedimentary deposits as 
inferred by k-means clustering in this study.  Thus, this age is rejected as an estimate of 
peatland establishment timing.  Note that ages do not decrease toward the center of the 
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basin, but rather cluster in areas of similar basin depth, displaying a general pattern of 
decreasing age with decreasing basin depth.   
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Fig. 2.6. Schematic diagrams of inferred peatland developmental history.  Generalized 
aerial views of Fallison Bog during five distinct time windows were constructed using a 
published contour map of the underlying basin (Kratz and DeWitt 1986).  Inferences 
were based on interpretations of stratigraphic data (Fig. 2.2) and age estimates for 
contacts between peat and underlying sediment (Fig. 2.5).  Note that areas designated as 
wetland/upland in the oldest time window contain no evidence of lake sediment 
accumulation and no direct evidence of plant communities that pre-dated peatland 
invasion.  Charcoal layers in cores 1 and 15 suggest that this pre-peatland vegetation 
burned prior to peatland establishment.       
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Fig. 2.7. Modeled C pools through time. Note the observed non-linearity in C 
accumulation and the dramatically higher rates of C accumulation in peat compared to 
sedimentary deposits.    
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Fig. 2.8. Probability of within-basin and regional peatland development through time.  
Note the strong correlation (r=0.70) between the temporal patterns displayed by 26 core 
samples collected within Fallison Bog (a) and 75 core samples collected from 37 basin-
filling peatlands distributed across the broader Laurentian Great Lakes Region (b).  It is 
important to note that ages in the regional synthesis are not interpreted as representing the 
age of peatland initiation at the site.  Core samples only capture the age of peatland 
establishment at the coring site and individual sites can have very complicated 
developmental histories, as demonstrated by the reconstruction at Fallison Bog and 
elsewhere (Ireland and Booth 2011).    
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Fig. 2.9. Inferred water level history within Fallison Bog compared to independent 
reconstructions of paleohydrology.  a. Testate amoebae-based reconstruction of 
watertable depth (cm) at Irwin Smith Bog (Booth et al. In Press, Booth et al. In Review).  
Original data were fit using loess smoothing function (sampling proportion = 0.4) and 
residuals were plotted to remove low-frequency variability, which is largely attributable 
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to vertical height growth and not necessarily long-term climate change in records of 
peatland paleohydrology (Charman et al. 2006).  b. Paleo water levels in Fallison Bog as 
inferred from sedimentary evidence.  The depth and age of the brown square was based 
on dated lake sediments at coring site 2 (Appendix 2.A) and a lack of lake sediments at 
coring site 1.  Core A (Kratz and DeWitt 1986) suggests that the water level was 
probably similar around 9000 cal yr BP.  Red points represent 20 dated contacts between 
peat deposits and underlying sedimentary deposits (Fig. 2, Fig. 5), assuming that this 
contact is indicative of water level at the time of peatland initiation.  c. Water level 
reconstruction from Crooked Lake (Brugam et al. 1998).  Gray vertical bars represent 
95% ranges of inferred peatland establishment episodes in Fallison Bog. Note the general 
correspondence between water levels from Crooked Lake and those inferred for Fallison 
Bog basin, suggesting that both sites responded to the same millennial-scale changes in 
moisture variability.  However, peatland initiation events tend to cluster around times of 
high variability recorded in the higher-frequency paleohydrology record from Irwin 
Smith Bog, suggesting that multidecadal swings from drought to pluvial could trigger 
peatland develop episodes in closed basin peatlands (Ireland and Booth 2011).  Thus, the 
depth of contacts within Fallison Bog could largely be attributable to changing 
millennial-scale boundary conditions while the temporal clustering could be attributable 
to hydroclimatic variability occurring on decadal-to-multidecadal time scales.  Note that 
the data gaps within the Irwin Smith paleohydrology record likely represent extreme 
drought events and coincide with terrestrialization episodes in Fallison Bog while the 
marked pluvial recorded around 2000 cal yr BP coincides with outward paludification at 
Fallison Bog.   
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Appendix 2.A. 
14
C results from Fallison Bog 
Table 2.A.1. Laboratory results of 69 
14
C samples collected from 21 cores extracted from 
Fallison Bog basin. 
Core Depth 
(cm) 
Material 
dated 
Lab 
number 
14
C age 
±1σ 
Calibrated 
Midpoint 
±2σ 
Used 
in age 
model 
Notes 
1 94 Sphagnum 
stems, sedge 
seeds 
UCIAMS-
88650 
2090±15 2059±57 Yes  
1 99.5 Charcoal UCIAMS-
81464 
2420±20 2516±162 Yes  
2 170.5 Ericaceae 
leaves, sedge 
seeds, 
Scheuchzeria, 
Pinus 
needles, bud 
scales  
GX-
33162-
AMS 
2860±40 3001±139 NA  
3 184.5 Sphagnum 
stems 
UCIAMS-
88651 
3050±25 3282±73 NA  
3 193.5 Sphagnum 
stems, sedge 
seeds, Pinus 
GX-
33163-
AMS 
3050±40 3226±142 NA  
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needles, bud 
scales 
3 244.5 sedge seeds UCIAMS-
77144 
6805±20 7637±42 Yes  
4 20.5 Ericaceae 
leaves, 
Sphagnum 
stems 
GX-
33170-
AMS 
70±40 132±136 Yes  
4 40.5 Sphagnum 
stems 
GX-
33171-
AMS 
360±40 408±93 Yes  
4 60.5 Sphagnum 
stems 
GX-
33172-
AMS 
880±50 807±109 Yes  
4 80.5 Sphagnum 
stems 
GX-
33173-
AMS 
1100±50 1048±120 Yes  
4 105.5 Sphagnum 
stems 
GX-
33174-
AMS 
1580±40 1465±83 Yes  
4 125.5 Sphagnum 
stems 
GX-
33175-
AMS 
2080 2099 Yes  
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4 145.5 Sphagnum 
stems 
GX-
33176-
AMS 
2240±40 2247±95 Yes  
4 165.5 Sphagnum 
stems 
GX-
33177-
AMS 
2510±40 2557±187 Yes  
4 185.5 Ericaceae 
leaves, Pinus 
needles, 
Betula seed, 
Pinus seed 
GX-
33178-
AMS 
2820±40 2934±131 No  
4 195.5 Ericaceous 
leaves, bud 
scale, sedge 
seeds, Pinus 
needle  
GX-
33179-
AMS 
2920±40 3083±128 No  
4 185.5 Pinus 
needles, 
Ericaceae 
leaves 
OS-88651 2680±30 2798±48 Yes  
4 195.5 Sedge seeds, 
bud scales, 
Ericaceae 
OS-88672    2840±30 2964±99 Yes  
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leaves 
4 208.5 Conifer 
needles, 
Ericaceae 
leaves, sedge 
seed 
OS-90334    3450±30 3733±95 Yes  
4 218.5 Sedge seeds, 
bud scales, 
conifer 
needles 
OS-89746    3530±30 3800±92 Yes  
4 240 Sedge seeds OS-88680    4760±40 5459±130 Yes  
4 258 Sedge seeds OS-88676    6830±45 7669±85 Yes  
5 189.5 Sphagnum 
stems 
UCIAMS-
88652 
3200±20 3416±39 Yes  
5 195.5 Ericaceae 
leaves and 
seeds, sedge 
seeds, 
Sphagnum 
stems, Pinus 
needles  
GX-
33164-
AMS 
3220±40 3436±120 Yes  
6 282.5 Sphagnum 
stems 
UCIAMS-
88653 
4110±20 4668±140 No  
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6 295.5 Ericaceae 
leaves, sedge 
seeds  
GX-
33165-
AMS 
4050±40 4610±189 No  
7 347.5 Sphagnum 
stems 
UCIAMS-
88654 
4625±20 5378±70 No  
7 357.5 Ericaceae 
leaves, bud 
scale, sedge 
seeds  
GX-
33166-
AMS 
4640±60 5326±255 No  
8 369.5 Ericaceae 
leaves  
GX-
33167-
AMS 
4420±40 5072±205 No  
9 40.5 Sphagnum 
stems 
UCIAMS-
81456 
75±20 126±130 Yes  
9 80.5 Sphagnum 
stems 
UCIAMS-
81457 
1250±20 1181±89 Yes  
9 130.5 Sphagnum 
stems 
UCIAMS-
81458 
1550±20 1454±65 Yes  
9 170.5 Sphagnum 
stems 
UCIAMS-
81459 
1820±20 1764±54 Yes  
9 210.5 Sphagnum 
stems 
UCIAMS-
81460 
2095±20 2062±63 Yes  
9 260.5 Sphagnum UCIAMS- 2535±20 2622±119 Yes  
97 
 
stems 81461 
9 308.5 Sphagnum 
stems 
UCIAMS-
81462 
3090±20 3313±54 Yes  
9 348.5 Ericaceae 
leaves 
UCIAMS-
81463 
3285±20 3511±54 Yes  
9 387.5 Ericaceae 
leaves  
GX-
33168-
AMS 
3100±40 3305±90 No  
10 246.5 Ericaceae 
leaves  
GX-
33169-
AMS 
1130±40 1064±106 NA  
11 91.5 Sphagnum 
stems, 
Ericaceae 
leaves 
UCIAMS-
88655 
295±15 365±64 NA  
12 117.5 Sphagnum 
stems, 
Ericaceae 
leaves 
UCIAMS-
88656 
510±15 528±14 NA  
12 171.5 Sphagnum 
stems, 
Ericaceae 
leaves 
UCIAMS-
88657 
2470±15 2539±169 NA  
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14 122.5 Sphagnum 
stems, conifer 
needles, 
Ericaceae 
leaves, sedge 
seeds 
UCIAMS-
88658 
2075±20 2054±61 NA  
15 91.5 Sphagnum 
stems 
UCIAMS-
88659 
1520±15 1429±78 Yes  
15 100.5 Sphagnum 
stems 
OS-88671    2080±35 2048±98 Yes  
16 77.5 Sphagnum 
stems, 
Ericaceae 
leaves 
OS-88741    1780±30 1714±100 Yes  
16 97.5 Sphagnum 
stems, 
Ericaceae 
leaves 
UCIAMS-
88660 
2850±15 2956±76 No Rejected 
as outlier 
16 104 Pinus seed, 
Sphagnum 
stems 
OS-88650    1830±25 1782±77 Yes  
17 129.5 Sphagnum 
stems 
UCIAMS-
88661 
2085±15 2057±57 NA  
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18 305.5 Conifer 
needles 
UGAMS-
9985 
4620±25 5375±73 NA  
19 65.5 Sphagnum 
stems 
OS-89836    870±35 801±105 Yes  
19 100.5 Sphagnum 
stems, Betula 
seed 
OS-89813    1590±30 1473±65 Yes  
19 125.5 Sphagnum 
stems 
OS-89851    1910±30 1835±95 Yes  
19 155.5 Sphagnum 
stems 
OS-89852    2290±25 2267±84 Yes  
19 170.5 Sphagnum 
stems 
OS-89853    2510±30 2612±125 Yes  
19 185.5 Pinus 
needles, 
Ericaceae 
leaves, 
Sphagnum 
stems 
OS-88652    2410±30 2519±171 Yes  
19 200.5 Ericaceae 
leaves, 
Sphagnum 
stems 
OS-90101    3000±60 3177±173 Yes  
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19 260.5 Sphagnum 
stems 
UGAMS-
10032 
3030±30 3215±131 Yes age 
reversals 
suggest  
sediment 
mixing 
during 
shift to 
wetter 
conditions 
19 215.5 Ericaceae 
leaves, 
Sphagnum 
stems, bud 
scales 
OS-89854    3150±35 3359±90 Yes  
19 245.5 Sphagnum 
stems 
OS-88733    3530±30 3800±92 Yes  
19 254.5 Sphagnum 
stems 
OS-88973    3030±35 3218±136 No  
19 290.5 Betula bud OS-89763    3270±40 3501±106 No  
19 317 Conifer 
needles, bud 
scales 
OS-89747    6420±35 7350±72 Yes  
19 344 Conifer OS-89828    5720±40 6523±111 No  
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needles, bud 
scales, 
Sphagnum 
stems 
20 260.5 Conifer 
needles 
UGAMS-
9986 
4640±25 5386±77 NA  
21 72.5 Pollen OS-88533    1640±35 1549±134 Yes  
21 212.5 Pollen OS-88574    3340±35 3579±104 Yes  
21 357.5 Pollen OS-88593    5200±35 6036±134 Yes  
21 507.5 Pollen OS-88600    7850±45 8753±213 Yes  
Notes:  All ages are reported in Cal yr BP, where BP = 1950 A.D.  In this table, all dates 
were calibrated in Calib 6.0.1 (Stuiver and Reimer, 1993).  Laboratory codes are as 
follows:  
GX: Geochron Laboratories, Cambridge, MA.  
OS: The National Oceanic Sciences Acceleratory Mass Spectrometry Facility, Woods 
Hole, MA. 
UCIAMS: Keck Carbon Cycle AMS Facility, Earth System Science Department, 
University of California – Irvine, Irvine, CA.  
UGAMS: Center for Applied Isotope Studies, University of Georgia, Athens, GA. 
Reference 
Stuiver, M., and P.J. Reimer. 1993. Extended 
14
C data base and revised CALIB 3.0 
14
C 
age calibration program. Radiocarbon 35: 215–230. 
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Appendix 2.B. Agent-based spatially explicit model of carbon accumulation in Fallison 
Bog. 
The spatially explicit carbon (C) accumulation model is written in open-source software 
for agent-based modeling (http://ccl.northwestern.edu/netlogo/).  The agent-based model 
(ABM) code is highly intuitive and utilizes only (1) an imported basin model, (2) two 
equations presented in Fig. 3, (3) estimates of C concentration as explained in text, and 
(4) rates of peat and sediment accumulation calculated from predicted contact depths, 
ages, and an assumed start of organic sediment accumulation at 12400 cal yr BP.  The 
figure below show the model start and end points, respectively.   
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Fig. 2.B.1. (a) Initiation of the ABM of C accumulation in Fallison Bog. Basin map 
ranges in depth from 0 to 9.5 m with darker colors indicating deeper depths.  The blue 
pixels represent the modern remnant pond, the location of which was predicted from 
basin depth.  The position and shape of the pond are not exactly correct, but the area and 
volume are comparable to the actual modern pond. (b) Model output after 12400 years of 
simulated C accumulation within Fallison Bog.  The green pixels represent those 
currently occupied by peatland while the brown pixels represent lake sediments 
underlying the modern remnant pond.   
.   
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Appendix 2.C. Sites and data used in regional synthesis 
Table 2.C.1. Names, locations, citations, and age-estimates for peatland development in 
75 cores collected from 37 closed-confined peatlands. 
 
Site 
# 
Site 
Name 
State or 
Province 
Lat. Long. Original 
citation or  
laboratory  
number 
14
C 
age 
±1σ  
Age 
estimate
±2σ  
1 Pogonia 
Bog Pond 
Minnesota 45.17 -95.93 Brugam and 
Swain, 2000 
NA 2180 
±200 
1 Pogonia 
Bog Pond 
Minnesota 45.17 -95.93 Bender et al., 
1982 
180 
±20 
142 
±144 
2 Rossburg 
Bog 
Minnesota 46.54 -93.55 Wright and 
Watts, 1969 
3500 
±180 
3826 
±462 
3 Jacobson 
Lake 
Minnesota 46.43 -92.58 Wright and 
Watts, 1969 
3920 
±120 
4398 
±411 
4 Tamarack 
Creek Bog 
Wisconsin 47.67 -91.60 Bender et al., 
1976 
4410 
±65 
5070 
±216 
5 Stockton 
Bog 
Wisconsin 46.92 -90.58 Bender et al., 
1982 
4030 
±80 
4558 
±264 
6 Hub City 
Bog 
Wisconsin 43.42 -90.35 Bender et al., 
1976 
8565 
±85 
9552 
±220 
7 Kelly's Wisconsin 45.30 -90.35 Heide, 1984 2920 3095 
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Hollow 
Bog 
±75 ±226 
8 Washburn 
Bog 
Wisconsin 43.20 -89.65 Winkler, 1988 NA 3180 
±200 
9 Open 
Water Bog 
Wisconsin 45.99 -89.62 UCIAMS-
88665 
3235 
±15 
3439 
±39 
9 Open 
Water Bog 
Wisconsin 45.99 -89.62 UCIAMS-
77141 
3450 
±20 
3732 
±93 
9 Open 
Water Bog 
Wisconsin 45.99 -89.62 UCIAMS-
77142 
2530 
±15 
2621 
±117 
9 Open 
Water Bog 
Wisconsin 45.99 -89.62 UCIAMS-
88662 
2520 
±20 
2616 
±120 
9 Open 
Water Bog 
Wisconsin 45.99 -89.62 UCIAMS-
77143 
1190 
±15 
1118 
±54 
10 Small Bog Wisconsin 45.99 -89.61 UCIAMS-
77138 
2890 
±15 
3017 
±56 
10 Small Bog Wisconsin 45.99 -89.61 UCIAMS-
77139 
2930 
±15 
3099 
±98 
10 Small Bog Wisconsin 45.99 -89.61 UCIAMS-
77140 
2990 
±15 
3167 
±87 
11 Lower 
Mud Lake 
Wisconsin 42.99 -89.35 Bender et al., 
1981 
1160 
±60 
1106 
±150 
11 Lower Wisconsin 42.99 -89.35 Bender et al., 1630 1539 
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Mud Lake 1981 ±70 ±160 
11 Lower 
Mud Lake 
Wisconsin 42.99 -89.35 Bender et al., 
1981 
1990 
±70 
1942 
±200 
11 Lower 
Mud Lake 
Wisconsin 42.99 -89.35 Bender et al., 
1981 
2380 
±80 
2451 
±268 
11 Lower 
Mud Lake 
Wisconsin 42.99 -89.35 Bender et al., 
1981 
2530 
±60 
2560 
±194 
11 Lower 
Mud Lake 
Wisconsin 42.99 -89.35 Bender et al., 
1981 
2910 
±70 
3092 
±224 
11 Lower 
Mud Lake 
Wisconsin 42.99 -89.35 Bender et al., 
1981 
8280 
±100 
9249 
±224 
12 Hook Lake 
Bog 
Wisconsin 42.95 -89.33 Winkler, 1988 NA 3180 
±200 
13 Lake 
Waubesa 
Wetlands 
Wisconsin 42.99 -89.30 Bender et al., 
1980 
6840 
±90 
7719 
±202 
13 Lake 
Waubesa 
Wetlands 
Wisconsin 42.99 -89.30 Bender et al., 
1980 
620 
±65 
601 
±73 
13 Lake 
Waubesa 
Wetlands 
Wisconsin 42.99 -89.30 Bender et al., 
1980 
1505 
±65 
1413 
±112 
13 Lake Wisconsin 42.99 -89.30 Bender et al., 1615 1530 
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Waubesa 
Wetlands 
1980 ±65 ±163 
13 Lake 
Waubesa 
Wetlands 
Wisconsin 42.99 -89.30 Bender et al., 
1980 
1760 
±70 
1696 
±168 
13 Lake 
Waubesa 
Wetlands 
Wisconsin 42.99 -89.30 Bender et al., 
1980 
3215 
±55 
3457±11
3 
13 Lake 
Waubesa 
Wetlands 
Wisconsin 42.99 -89.30 Bender et al., 
1979 
1915 
±60 
1853 
±136 
13 Lake 
Waubesa 
Wetlands 
Wisconsin 42.99 -89.30 Bender et al., 
1979 
1995 
±60 
1969 
±146 
13 Lake 
Waubesa 
Wetlands 
Wisconsin 42.99 -89.30 Bender et al., 
1979 
2820 
±65 
2959 
±183 
13 Lake 
Waubesa 
Wetlands 
Wisconsin 42.99 -89.30 Bender et al., 
1979 
3425 
±65 
3664 
±180 
13 Lake 
Waubesa 
Wetlands 
Wisconsin 42.99 -89.30 Bender et al., 
1979 
5060 
±70 
5789 
±143 
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13 Lake 
Waubesa 
Wetlands 
Wisconsin 42.99 -89.30 Bender et al., 
1979 
2015 
±65 
1980 
±155 
13 Lake 
Waubesa 
Wetlands 
Wisconsin 42.99 -89.30 Bender et al., 
1979 
1065 
±60 
984 
±184 
13 Lake 
Waubesa 
Wetlands 
Wisconsin 42.99 -89.30 Bender et al., 
1979 
2840 
±65 
2974 
±185 
13 Lake 
Waubesa 
Wetlands 
Wisconsin 42.99 -89.30 Bender et al., 
1979 
5850 
±70 
6667 
±181 
14 Disterhaft 
Farm Bog 
Wisconsin 43.92 -89.17 Bender et al., 
1971 
2850 
±65 
2998 
±205 
15 Chatworth 
Bog 
Illinois 40.80 -88.60 King, 1981 2640 
±75 
2716 
±227 
16 Volo Bog  Illinois 41.35 -88.19 King, 1981 NA 1940 
±200 
17 Independ-
ence 
Peatland 
Michigan 47.43 -88.07 GX-28716 1000 
±40 
885 
±90 
18 Sidnaw 
Peatland 
Michigan 47.43 -88.07 UGAMS# 
01038 
2397 
±45 
2520 
±180 
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19 Pinhook 
Bog 
Indiana 41.62 -86.85 Sousa, 2008 2140 
±70 
2141 
±190 
20 Michillinda 
Bog 
Michigan 43.36 -86.42 Crane and 
Griffin, 1959 
5150 
±300 
5856 
±777 
21 South 
Rhody 
Peatland 
Michigan 46.57 -86.08 Booth et al., 
2004 
4460 
±40 
5094 
±201 
22 Dead-
man's 
Peatland 
Michigan 46.60 -86.08 UGAMS# 
01043 
1978 
±54 
1962 
±143 
23 Burket Bog Indiana 41.26 -85.85 Swinehart and 
Parker, 2000 
4010 
±80 
4529 
±286 
24 Little 
Chapman 
Bog 
Indiana 41.26 -85.85 Swinehart and 
Parker, 2000 
1850 
±80 
1768 
±199 
25 Little 
Arethusa 
Bog 
Indiana 41.26 -85.85 Swinehart and 
Parker, 2000 
2670 
±80 
2731 
±236 
26 Ropchan 
Memorial 
Bog 
Indiana 41.26 -85.85 Swinehart and 
Parker, 2000 
2835 
±80 
2991 
±216 
27 Yost Bog Indiana 41.64 -85.42 Swinehart and 
Parker, 2000 
1133 
±80 
1093 
±170 
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28 Trout Lake 
Bog 
Michigan 46.21 -85.02 Futyma, 1982 3325 
±220 
3572 
±577 
29 Lake 
Sixteen 
Peatland 
Michigan 45.60 -84.32 Futyma and 
Miller, 1986 
NA 3670 
±200 
30 Bruce 
Mines Bog 
Ontario 46.30 -83.74 Lewis and 
Anderson, 
1989 
410 
±160 
334 
±336 
31 Chippewa 
Bog  
Michigan 43.13 -83.24 Bailey and 
Ahearn, 1980 
NA 3843 
±157 
32 McCormic 
Point 
Wetland 
Ontario 43.41 -80.26 Campbell et al., 
1997 
5310 
±80 
6102 
±174 
33 Ballycroy 
Bog 
Ontario 43.25 -79.87 Anderson, 
1971 
4220 
±130 
4846 
±428 
34 Titus Bog 
1 
Pennsyl-
vania 
41.95 -79.6 Ireland and 
Booth, 2011 
790 
±25 
706 
±31 
34 Titus Bog 
2 
Pennsyl-
vania 
41.95 -79.6 Ireland and 
Booth, 2011 
330 
±25 
388 
±79 
34 Titus Bog 
3 
Pennsyl-
vania 
41.95 -79.6 Ireland and 
Booth, 2011 
300 
±25 
377 
±78 
34 Titus Bog 
4 
Pennsyl-
vania 
41.95 -79.6 Ireland and 
Booth, 2011 
890 
±20 
820 
±84 
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34 Titus Bog 
5 
Pennsyl-
vania 
41.95 -79.6 Ireland and 
Booth, 2011 
330 
±25 
388 
±79 
34 Titus Bog 
6 
Pennsyl-
vania 
41.95 -79.6 Ireland and 
Booth, 2011 
300 
±20 
368 
±67 
34 Titus Bog 
7 
Pennsyl-
vania 
41.95 -79.6 Ireland and 
Booth, 2011 
900 
±25 
824 
±84 
34 Titus Bog 
8 
Pennsyl-
vania 
41.95 -79.6 Ireland and 
Booth, 2011 
330 
±25 
388 
±79 
34 Titus Bog 
9 
Pennsyl-
vania 
41.95 -79.6 Ireland and 
Booth, 2011 
695 
±25 
625 
±59 
35 Wainfleet 
Bog 
Ontario 42.92 -79.30 Nagy, 1992 2760 
±70 
2905 
±156 
35 Wainfleet 
Bog 
Ontario 42.92 -79.30 Nagy, 1992 3360 
±70 
3635 
±191 
35 Wainfleet 
Bog 
Ontario 42.92 -79.30 Nagy, 1992 3450 
±70 
3692 
±204 
35 Wainfleet 
Bog 
Ontario 42.92 -79.30 Nagy, 1992 3600 
±70 
3896 
±193 
36 Tanners-
ville Bog 
Pennsyl-
vania 
41.04 -75.27 Cai and Yu, 
2011 
1540 
±25 
1445 
±75 
37 Brandeth 
Bog 
New York 43.92 -74.67 Overpeck, 
1985 
NA 2000 
±200 
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Notes:  All ages are reported in Cal yr BP, where BP = 1950 A.D.  All dates were 
calibrated in Calib 6.0.1 (Stuiver and Reimer, 1993).  Sites 9 and 10 are located within 
100 m of Fallison Bog (A.W. Ireland and R.K. Booth, unpublished data).  Sites 17, 18, 
and 22 are located in the Upper Peninsula of Michigan (R.K. Booth, unpublished data).  
Laboratory codes are as follows:  
GX: Geochron Laboratories, Cambridge, MA.  
UCIAMS: Keck Carbon Cycle AMS Facility, Earth System Science Department, 
University of California – Irvine, Irvine, CA.  
UGAMS: Center for Applied Isotope Studies, University of Georgia, Athens, GA. 
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Chapter 3: Hydroclimatic variability drives episodic expansion of a floating peat mat in 
a North American kettlehole basin 
 
Abstract  
The coming century is predicted to feature enhanced climatic variability, including 
increased frequency, intensity, and duration of extreme climatic events.  Ecologists are 
faced with the critical challenge of anticipating potentially non-linear ecosystem 
responses to these changes.  High-resolution paleoecological datasets that capture past 
ecosystem responses to climate variability provide valuable long-term perspectives on the 
sensitivity of ecosystems to climate-forced state shifts.  We used a suite of 
paleoecological analyses at Titus Bog in northwestern Pennsylvania, to test the 
hypothesis that the development and expansion of floating peatlands in kettlehole basins 
represents a threshold response to hydroclimate variability.  Our results indicate that peat 
mat expansion at Titus Bog was highly episodic and occurred in three distinct pulses 
centered on 800, 650, and 400 cal yr BP, in contrast with expectations of gradual 
autogenic peat mat expansion.  Each of these expansion events coincided with or 
immediately followed decadal-to-mutlidecadal droughts recorded in regional 
paleoclimate reconstructions.  These patterns indicate that peatland development in 
kettlehole basins can follow non-linear trajectories, with episodes of rapid advancement 
triggered by climatic forcing.  Future climate changes may increase the likelihood of 
peatland expansion in kettlehole basins, potentially leading to abrupt changes in adjacent 
lake ecosystems. 
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3.1.  Introduction 
Observed trends during the past century and the results of general circulation models 
suggest that coming decades will be characterized by enhanced climatic variability, likely 
exceeding the range of 20
th
 century observations (Salinger 2005).  Our ability to forecast 
ecosystem responses to these changes is contingent on the availability of empirical 
datasets that are sufficient in temporal depth and resolution to capture a broad range of 
past climatic conditions and ecosystem responses.  The potential for unanticipated 
ecological surprises (Doak et al. 2008), such as threshold effects and abrupt shifts in 
ecosystem state (Scheffer et al. 2001), is particularly concerning in light of anticipated 
climate changes.  Although observational datasets from the last century provide few 
examples of climate-driven ecological state shifts, paleoecological records indicate that 
these events have occurred in the past and can be used to provide valuable long-term 
perspectives on their dynamics (e.g. Foley et al. 2003, Shuman et al. 2009). 
 
In North America, paleoclimate records indicate that droughts much more widespread 
and prolonged than any that have occurred during the 20
th
 century have been a recurrent 
feature of the climate system for several thousand years (Cook et al. 2004, Booth et al. 
2006).  Although extreme droughts are uncommon in the instrumental record of the past 
century, recent multi-year droughts in the western US have been implicated in numerous 
ecological changes, including increased tree mortality in old-growth forests (van 
Mantgem et al. 2009).  In contrast to the semi-arid western US, humid regions have 
experienced relatively minimal drought impacts during the last century and this lack of 
recent occurrence has led to the perception that ecosystems in these regions are not 
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particularly vulnerable to drought-induced disturbance.  However, even in humid areas 
like the Great Lakes region, paleoecological records have revealed that prolonged 
droughts were associated with changes in forest composition in the recent past (e.g. 
Booth et al. 2006),  highlighting a clear need for assessing potential effects of drought 
and enhanced moisture variability in these regions.      
 
Kettlehole basins are ideal model systems for the study of past ecosystem responses to 
climate variability in humid regions.  These systems are widespread in previously 
glaciated landscapes, often contain both lake and peatland components, have significant 
linkages to the broader landscape through groundwater flow, and most importantly, leave 
a detailed record of their own developmental history in the form of peat and lake 
sediments.  Conceptual models of peatland development in kettlehole basins typically 
describe gradual unidirectional successions and emphasize autogenic processes, 
particularly lateral encroachment of floating peat mats over open water (Kratz and 
DeWitt 1986).  However, long-term observations and paleoecological data have 
demonstrated shortcomings in these simplified conceptual models (Johnson and 
Miyanishi 2008) and have occasionally provided evidence to suggest that external forcing 
factors, such as climate variability or anthropogenic impacts, may influence peat mat 
initiation and lateral expansion rates (Lindeman 1941, Buell et al. 1968, Winkler 1988, 
Warner et al. 1989, Campbell et al. 1997).   
 
Understanding the mechanisms of peat mat initiation and expansion in kettlehole basins 
has important implications for anticipating potential ecological responses to future 
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climate change, and assessing the probability of climate-induced ecosystem state shifts in 
these systems.  For example, if lateral encroachment of floating peat mats is gradual and 
climate-independent (Kratz and DeWitt 1986), then kettlehole ecosystems should be 
relatively insensitive to future changes in climate variability.  Alternatively, if climate 
influences the rate of peat mat encroachment into kettlehole lakes, then anticipated 
climate changes could potentially cause rapid and dramatic changes in these systems, 
particularly if background autogenic processes increase vulnerability through time.  To 
test these competing hypotheses, we collected a series of sediment cores distributed 
across a floating peatland in a kettlehole basin and used a suite of paleoecological 
analyses to reconstruct spatial and temporal dynamics of peat mat development.  Spatial 
and temporal patterns of peat mat initiation and expansion were compared with 
predictions based on an autogenic model of advancement (Kratz and DeWitt 1986) and 
reconstructions of late-Holocene hydroclimate variability (Cook et al. 1999, Booth et al. 
2006).   
 
3.2. Methods 
3.2.1. Study site  
Titus Bog (41°57′07″ N, 79°45′30″ W) is a ~16-ha kettlehole peatland located on the 
glaciated Pittsburgh Plateau of northwestern Pennsylvania, USA (Fig. 3.1).  Young 
hardwood forest and active agricultural fields border the site.  The regional climate is 
humid and continental with a 30-year mean annual precipitation of 1125 mm distributed 
relatively evenly throughout the year and 30-year mean January and July temperatures of 
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-4.8°C and 20.2°C, respectively (NOAA, Earth System Research Laboratory, 
http://www.esrl.noaa.gov/psd/data/timeseries/).    
 
Centrally located within the kettlehole basin is a ~5-ha Sphagnum-dominated floating 
peat mat.  Common plants on the peat mat include leather leaf (Chamaedaphne 
calyculata), sedges (Carex spp.), and scattered white pine (Pinus strobus).  A shrub-
dominated moat swamp encircles the floating peat mat.  The northern rim of the 
kettlehole basin acts as a drainage divide between two small watersheds (~18 km
2
 each).  
No stream channels flow into or out of Titus Bog (Fig. 3.1B).  Water levels in the basin 
change considerably during the year.  For example, in 2008, which was a wetter-than-
average year, the moat swamp experienced water level reductions of > 80 cm from April 
to October (Appendix 3.A, Fig. 3.A.1).   
 
The kettlehole basin underlying the peatland has a relatively simple morphology.  Basin 
depth varies from ~10 m below the surface of the western portion of the floating peatland 
to ~7 m below the surface of the southeastern portion of the floating peatland.  The slope 
of the basin is gradual (~2%) in most areas, with steepest portion (~20%) around the 
western margin of the modern peat mat.  The elevation of the uppermost (paleo) lake 
sediment surface is relatively constant throughout the basin, varying from about 1.2 – 2.0 
m below the modern peat mat surface. 
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3.2.2. Study design and field sampling  
 To reconstruct spatial and temporal patterns of peatland development, we collected a 
series of nine sediment cores distributed across the surface of the floating peat mat (Fig. 
1B).  Cores 4, 5, and 6 (Fig. 3.1B) were collected in 2008 using a 10-cm diameter tripod-
mounted piston corer.  Each piston core sampled the entire peat thickness and ~1 m of the 
underlying lake sediment.  In 2009, we collected an additional six sediment cores using a 
5-cm diameter Russian-type peat corer (Fig. 3.1B).  These cores were vertically 
positioned to capture the peat – lake sediment contact and at least 50 cm of both the 
overlying peat and underlying lake sediment.  Water lenses were encountered at all 
coring sites, but most were restricted to the upper portions of the peat mat and coincided 
with pronounced rooting zones, suggesting that they were secondary features caused by 
large pore size and low compressibility of rooting zones (Whittington et al. 2007).  In the 
case of piston cores, water lenses were compressed during sediment-core extrusion, and 
reported depths (Fig. 3.2) refer strictly to sediment thickness.  At sites where the Russian-
type peat corer was used, the water-table depth was measured within 1 hour of coring on 
13 August 2009, and depths are reported relative to this datum. 
 
 3.2.3. Laboratory analyses  
 We analyzed plant macrofossils (>710 μm) at ~5-cm intervals within each sediment core 
and at higher sampling density across the peat – lake sediment contact (estimated in the 
field), following standard procedures (Mauquoy and Van Geel 2007).  Dry bulk density 
was measured at 1-cm intervals in cores 4, 5, and 6 and at 5 – 10 cm intervals within the 
other sediment cores by collecting samples of known volume (2 or 3 cm
3
), drying at 80 
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°C for 14 hours, and dividing dry weight by volume.  Dried samples were then 
combusted at 550 °C for 1 hour and reweighed, with the percent loss used to estimate 
organic matter content.  To locate the stratigraphic position of the Ambrosia-type pollen 
increase, commonly associated with European settlement and land clearance (e.g. Warner 
et al. 1989), we used standard procedures (Faegri and Iversen 1989) to isolate and 
analyze fossil pollen assemblages at ~3-cm intervals throughout core 4, and at ~5-cm 
intervals in the upper 40 cm of cores 5 and 6.   
 
3.2.4. Delineation of the peat – lake sediment contact and age estimation by 14C 
dating   
Paired-group cluster analysis of macrofossil, percent organic matter, and dry bulk density 
data was used to objectively define the depth of peatland establishment within each core 
using the software package PAST version 1.78 (Hammer et al. 2001) (Fig. 3.2).  
Similarity was calculated as the weighted average of Jaccard’s Index (for binary 
macrofossil data) and Gower’s similarity (for continuous organic matter and bulk density 
data).  In cores collected with the Russian-type peat corer where insufficient volumes of 
material precluded macrofossil and drying/combustion analysis of the same samples, we 
used linear interpolation to estimate percent organic matter and dry bulk density between 
sampled horizons.  To estimate the timing of peat mat establishment at each coring site, 
we collected identifiable aboveground macrofossils from at least two intervals within 
each sediment core (Fig. 3.2) for Accelerator Mass Spectroscopy (AMS) 
14
C dating 
(Appendix B).  We calibrated all laboratory-reported 
13
C-corrected 
14
C ages to calendar 
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years before 1950 AD (cal yr BP) using CALIB Rev 6.01 (Stuiver and Reimer 1993, 
Appendix 3.B).   
 
3.3. Results 
All sediment cores displayed a similar sequence of macrofossil assemblages (Fig. 3.2).  
Seeds of aquatic plants (Najas spp. and Nuphar spp.) were common in the deepest 
portions of each sediment core and were usually embedded in fine-grained gelatinous 
lake sediment.  A zone dominated by large Cyperaceae stem/rhizome fragments (length > 
2 cm) occurred immediately above the lake sediment in all cores.  Within this zone, 
Carex spp. achenes were common in all cores, Cladium mariscoides achenes occurred 
only in core 9, and Drepanocladus spp. mosses were present in some cores (Fig. 3.2).  
Sphagnum peat succeeded the Cyperaceae peat deposits at all coring locations.  
Transitions between sediment types (lake sediment, Cyperaceae peat, and Sphagnum 
peat) were generally distinct.  
 
Both lake sediments and peat deposits were extremely rich in organic matter.  For 
example, with the exception of the uppermost regions of cores 4, 5, and 6, where a 
marked reduction in organic matter coincided with an increase in Ambrosia-type pollen, 
all sediments contained >85% organic matter (Fig. 3.2).  However, an increase in organic 
matter content (Fig. 3.2) and dry bulk density occurred across the transition from lake 
sediment to peat at all coring sites.  Cluster analysis generally confirmed the field-
estimated depth of peat inception at all sites, although macrofossil data do not agree well 
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with bulk density and organic matter data at coring site 1, where woody roots penetrated 
through the peat mat and into the underlying lake sediment.   
 
We obtained 26 
14
C age determinations from the nine sediment cores (Fig. 3.2, Appendix 
3.B, Table 3.B.1).  At all coring sites, we were able to date aboveground macrofossils 
collected at or within 5 cm of the peat – lake sediment contact (Fig. 3.2) and the 
calibrated probability distributions of these 
14
C dates serve as estimates of the timing of 
peat mat establishment at each site (Fig. 3.3).  Age increases with depth for all 
14
C dates 
in all cores, expect for core 1 where a minor age reversal (70 ±50 years) occurred 
(Appendix 3.B, Table 3.B.1).  At this site, the pooled mean of the two dates was used to 
estimate the timing of peat mat establishment.  Results indicate that peat mat 
establishment occurred episodically in three intervals centered on 800, 650, and 400 cal 
yr BP (Fig. 3.3).  Although the calibrated range of each radiocarbon date is relatively 
broad (Fig. 3.2), dates within each period of advancement are statistically the same with 
95% probability (CALIB Rev 6.01) and the extremes of within-group distributions do not 
overlap with those of other expansion episodes.  Each episode of expansion coincided 
with or immediately followed an interval of prolonged drought recorded in a tree-ring 
record from northwestern Pennsylvania and a peatland paleohydrological record from 
southeastern Michigan (Fig. 3.3).  
 
3.4. Discussion 
Autogenic models of peatland initiation and expansion in kettlehole basins predict a 
gradual, climate-independent succession wherein pioneering peatland plants establish 
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along the lakeshore, contribute to vertical and horizontal peat accumulation, and encroach 
laterally (centripetally) over the remnant lake at a relatively constant rate, estimated to 
range from  ~1 to 5 cm yr 
-1
(Kratz and DeWitt 1986, Kratz 1988).  However, the 
reconstructed spatiotemporal patterns of peatland development at Titus Bog are 
inconsistent with patterns predicted by autogenic models (Fig 3.3).  The pioneering peat 
mat first formed in the western and southern portions of the basin about 800 years ago, 
expanded northward and eastward along the edges of the basin about 650 years ago, and 
then rapidly filled in the rest of the basin about 400 years ago.  The three episodes of 
peatland advancement at Titus Bog occurred during or immediately following decadal-to-
multidecadal droughts documented in regional climate reconstructions (Booth et al. 2006, 
Cook et al. 1999) (Fig. 3.3D).  The most recent episode of peatland expansion (~400 cal 
yr BP) was particularly striking, with ~50% of the peat mat becoming established 
apparently synchronously (within the error of 
14
C dating) throughout central and 
northeastern portions of the basin (Fig. 3.3B).  This dramatic peat-mat expansion 
occurred at about the time of the well-documented megadrought of the 16
th
 century 
(Stahle et al. 2000) (Fig. 3.3D).  In stark contrast with the autogenic model of peatland 
development in kettlehole basins, our data suggest that peat-mat expansion occurs rapidly 
as a threshold response to extreme water-level fluctuations.    
 
We hypothesize that peat mat initiation and lateral expansion occurs when pioneering 
peatland plants (especially sedges) colonize exposed or nearly exposed organic-rich lake 
sediments during drought-induced water-level reductions.  As post-drought water levels 
rise, the newly established semi-buoyant vegetation mat becomes floating, creating a 
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hydrologically stable substrate suitable for Sphagnum colonization and rapid vertical peat 
accumulation.  Our data suggest that lateral expansion ceases or slows dramatically 
during hydrologically stable conditions. 
 
The reconstructed patterns at Titus Bog are consistent with an often-overlooked study of 
peatland expansion at Cedar Creek Bog, Minnesota.  At this site, the peat mat advanced 
markedly during the droughts of the late 1930s (Lindeman 1941), but a series of repeat 
measurements during the subsequent 27 years (1941 – 1968), which were generally moist 
and hydrologically stable, documented no lateral expansion (Buell et al. 1968).  
Similarly, paleoecological data indicate that several peat mats expanded rapidly in 
kettlehole basins in southwestern Ontario, Canada coincident with European land 
clearance (Warner et al. 1989).  In these cases, deforestation may have altered hydrology 
and basin water levels, facilitating rapid transformation from open water to peatland 
(Warner et al. 1989) via a mechanism similar to the one we propose.  Finally, a series of 
14
C determinations of basal peat mat age at Fallison Bog, Wisconsin suggest that, during 
the late Holocene, rates of lateral advancement may have deviated substantially from the 
long-term average advancement rate of ~2.5 cm yr
-1
 (Kratz 1988).   
 
Our hypothesis implies that site-specific characteristics influencing susceptibility to 
water-level fluctuations should affect kettlehole sensitivity to peatland expansion.  In 
particular, basin morphology and position within the regional groundwater flow regime 
(Almendinger 1990, Kratz et al. 1997) are probably important determinants of sensitivity 
to peatland establishment within and among kettle basins.  For example, water depths 
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within a given kettlehole system are generally related to the three dimensional 
morphology of the underlying glacial basin, with some portions of the basin shallower 
and more susceptible to sediment exposure from water-level drawdown than other 
portions.  However, sedimentation processes alter the effective basin morphology in 
spatially and temporally complex ways, because the accumulation of lake sediments 
within kettlehole basins is influenced by slope, dominant wind direction, and water 
column productivity (Dearing 1997).  Therefore, the elevation of the lake-sediment 
surface available for colonization during water-level reductions gradually changes 
through time and could potentially be decoupled from the shape of the underlying basin.  
Lake sediment accumulation, including spatial variability in accumulation rates within a 
basin, is a background autogenic processes that likely increases vulnerability to peatland 
expansion through time.  
 
The role of basin morphology in controlling susceptibility to peat mat invasion, and the 
spatial patterns of episodic peat mat expansion, at Titus Bog is not clear, because we lack 
a detailed understanding of how the elevation of the lake-sediment surface developed 
spatially within the basin though time.  However, many millennia of lake-sediment 
accumulation took place before the site became vulnerable to peatland expansion, and 
spatial patterns of lake-sediment accumulation rates likely altered the effective basin 
morphology over time, making some areas more susceptible to peatland establishment 
than other areas.  For example, the oldest portions of the floating peatland are situated 
adjacent to the steepest slopes in the western portion of the basin where the dominant 
wind direction (Odgaard 1993) and sediment focusing would be expected to facilitate 
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high lake-sediment accumulation rates.  Water-level reductions during the MCA droughts 
likely allowed peat mat invasion in these shallower areas, whereas peatland was not able 
to establish in central and northeastern portions of the basin until the 16
th
 century 
megadrought, after 400 additional years of lake-sediment accumulation.  Although we 
lack detailed records of how the effective basin shape changed though time, our data 
suggest that peat mat initiation and expansion in kettlehole basins is an externally driven, 
episodic, and non-linear process.   
 
The rapid expansion of marginal peat mats in kettle lakes likely has significant 
implications for the structure and function of the adjacent aquatic ecosystem.  For 
example, the presence of marginal floating peat mats has been linked to low lake-water 
pH and primary productivity, high dissolved organic carbon (DOC) content, and 
significant alterations to lake community structure spanning multiple trophic levels 
(Rahel 1984, Brugam and Swain 2000).  Furthermore, floating peatlands accumulate peat 
rapidly, and their establishment likely leads to large increases in rates of carbon storage.  
Under the traditional autogenic model, changes in adjacent lake ecosystems and whole-
system carbon accumulation would be expected to occur gradually as the peat mat slowly 
expands laterally; however, our data suggest that these changes are likely to occur 
abruptly in response to rapid, climate-triggered peat mat expansion.  Like other 
ecosystem state changes (Sheffer et al. 2001), physical, biological, and chemical 
feedbacks likely serve to self perpetuate the floating peat mat once established.  Given 
anticipated changes in climatic variability and the frequency of extreme events in the 
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coming decades (Salinger 2005), kettle lakes will be potentially vulnerable to peatland 
expansion, leading to abrupt changes in these ecosystems.    
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Fig. 3.1. (A) Regional orientation map showing the location of Titus Bog and sites of 
climate reconstructions presented in Fig. 3C.  (B) Detail map of study site depicting 
landscape position, wetland configuration, and location of collected sediment cores.  
Sediment cores collected with a piston corer in 2008 are represented by circles and those 
collected with a Russian-type peat corer in 2009 are represented by squares.  Core 
identification numbers are referred to in text and referenced in Figs. 2 and 3. The contour 
interval is 1 m. 
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Fig. 3.2. Paleoecological data showing the transition from lake to peat sediment in the 
nine sediment cores.  Numbers in the lower right corner of each panel refer to core sites 
(Fig. 3.1).  Gray diamonds indicate the presence of select macrofossils.  The stratigraphic 
location of 
14
C dates are represented by gray circles and 
14
C dates used to estimate the 
age of the peat – lake sediment contacts are filled with black.  The black line and scatter 
plots depict percent organic matter measurements.  Bulk density measurements are not 
shown, but are positively correlated with percent organic matter (r = 0.59).  Ambrosia-
type pollen percentages (of upland pollen) are depicted in the black area plots and the 
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spike represents the onset of European settlement and land clearance ~1850 AD (Warner 
et al. 1989).  The major divisions in the dendrograms (excluding those associated with the 
post-settlement horizon in cores 4, 5, and 6) were used to delineate the peat (green) – lake 
sediment (yellow) contact in all cores, excluding   core 1, where the macrofossil data 
alone were used to infer the boundary between peat and lake sediment (dashed line).      
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Fig. 3.3. (A) Detail map of coring locations, colors correspond to probability distributions 
presented in B. (B) Calibrated probability distributions of 
14
C dates used to estimate the 
timing of peat mat establishment at each coring site.  Within each color-coded episode, 
the calibrated 
14
C ages are statistically the same with 95% probability (CALIB Rev. 
6.01).  (C) Inferred developmental history at Titus Bog (solid line) compared with 
expected pattern of centripetal encroachment into a hypothetical circular pond of the 
same area as Titus Bog (dotted lines).  Areas of peat mat establishment for each 
expansion episode at Titus Bog were estimated by using a GIS to create 200-yr contours 
of peatland establishment, such that 3 polygons were generated, each containing only the 
sites where the peat mat established within a particular expansion episode.   The 
hypothetical autogenic curves were generated using estimated long-term average lateral 
expansion rates of 1 and 5 cm yr-1 (Kratz 1988) and assuming that peatland initiation 
occurred concurrent with the oldest reconstructed episode of peatland establishment at 
Titus Bog.  (D) Regional records of hydroclimate including a tree-ring record from an 
old-growth eastern hemlock (Tsuga canadensis) stand at Tionesta Natural Area in 
northwestern Pennsylvania (Cook et al. 1999) and a testate amoeba-inferred record of 
paleohydrodrology at Minden Bog, located in lower Michigan (Booth et al. 2006).  Gray 
vertical bars highlight the timing of widespread and well-documented decadal-to-
multidecadal droughts.  
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Appendix 3.A.  Results of continuous water level monitoring at Titus Bog during the 
2008 growing season compared with regional monthly mean moisture measurements and 
30-year average climatology.   
 
3.A.1. Methods 
We installed three monitoring wells within the Titus Bog wetland complex (Fig. A1) with 
Hobo® water-level loggers (pressure transducers) suspended near the bottom.  We placed 
two monitoring wells in the moat swamp and one in the central floating peat mat.  Wells 
were constructed of 2-inch (~5 cm) diameter PVC pipe 1 m in length.  Paired slits 
covered with fine screen mesh, to prevent sediment intrusion, were placed every 10 
inches to allow for water exchange.  Each well was capped on the top and bottom and a 
~1 mm hole was drilled near the top of the well to maintain equilibrium between 
atmospheric and internal well pressure.  Each transducer recorded pressure at 30-minute 
intervals from 04 April 2008 to 13 October 2008.  A fourth pressure transducer was 
suspended above the peat surface in an identical PVC pipe to record atmospheric pressure 
simultaneous with the three transducers in the monitoring wells.  We subtracted 
atmospheric pressure from the pressure readings within the monitoring wells and 
converted remaining pressure (due to water alone) to cm of water (Fig. A1)   
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Fig 3.A.1. (A) Time-series water level measurements across the Titus Bog wetland 
complex.  Color-coded dots on inset map represent monitoring well locations and the 
atmospheric pressure station was located ~5 m west of the monitoring well in the central 
floating mat (green).  Note that water table depth varied by ~80 cm across the season in 
the moat swamp, but remained essentially at the surface of the central portion of the 
139 
 
floating peat mat.  (B) Dark red line plot represents monthly average observations of total 
precipitation and Palmer Drought Severity Index (PDSI) in the context of the 1971 to 
2000 mean (dotted black line) and range (grey area fill).  Climate data were obtained 
from NOAA Earth Systems Research Laboratory 
(http://www.esrl.noaa.gov/psd/data/timeseries/).  Note that 2008 was an anomalously wet 
year (PDSI), but water levels within the moat swamp dropped by ~80 cm by mid 
October.  This water level reduction was not, however, sufficient in magnitude to cause 
the upper portion of the central floating peat mat to make contact with underlying 
sediments and experience water table drawdown.   
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Appendix 3.B.  Methods and results of 
14
C dating. 
 
3.B.1. Methods 
We used a standard dissecting microscope to identify macrofossils of aboveground 
portions of non-aquatic plants to the lowest possible taxonomic resolution for 
14
C dating. 
Each sample was rinsed in deionzed water to remove particulate contaminates and fine 
rootlets and reexamined under the microscope to ensure that the plant macrofossils to be 
dated were free of visible contamination.  We then oven dried each sample at 80 °C for 
14 hours and weighed the dry material to ensure that a minimum of 1 mg was present.  
Each sample was carefully and individually packaged in aluminum foil and a glass 
sample vial and shipped the University of Georgia Center for Applied Isotope Studies for 
accelerator mass spectroscopy (AMS) 
14
C dating.  Laboratory reported 
14
C dates were 
calibrated to calendar years before AD 1950 (cal yr BP) and statistically compared using 
CALIB Rev 6.0.1 (Stuiver and Reimer 1993).    
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Table 3.B.1.  
14
C data 
Core  
Site 
(Fig. 
1) 
Depth 
Range 
(cm) 
Macrofossils 
Dated 
Laboratory 
Number 
(UGAMS #) 
13
C-corrected  
Radiocarbon 
Age (YBP 
±1σ) 
Cal yr BP 
2σ Ranges 
(probability) 
 
1 116-
117 
Sedge achenes, 
Sphagnum stems, 
Chamaedaphne 
leaf fragments, 
Schuechzeria tips 
5022 790 ±25 675 – 736  
(1.00) 
1 122-
124 
Sedge achenes, 
Schuechzeria tips 
and seed 
fragment, Pinus 
strobus bud 
scales 
5320 720 ±25 572 – 579 
(0.02) 
652 – 693 
(0.98) 
2 136-
138 
Sphagnum stems, 
Chamaedaphne 
leaf fragments, 
Schuechzeria tips 
5023 210 ±25 146 – 189 
(0.15) 
192 – 213 
(0.07) 
268 – 303  
(0.33) 
2 150-
151 
Vaccinum leaves, 
Schuechzeria tip, 
Sphagnum stems, 
Rhyncospora-
type achene 
5350 330 ±25 
 
309 – 467 
(1.00) 
3 99-101 Sedge achene, 
Sphagnum stems, 
Chamaedaphne 
leaf fragment 
5021 160 ±25 71 – 117 
(0.10) 
133 – 156 
(0.11) 
165 – 228 
(0.42) 
251 – 285 
(0.17) 
 
3 103-
104 
Schuechzeria 
tips, unknown 
graminoid seed 
5353 300 ±25 299 – 334 
(0.27) 
349 – 439 
(0.70) 
443 – 455 
(0.03) 
4 30-31 Sphagnum stems 
and leaves 
03707 180 ±25 138 – 223 
(0.60) 
257 – 293 
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(0.21) 
4 80-81 Sphagnum stems 
and leaves 
 
03708 505 ±30 503 – 553 
(0.98) 
612 – 620 
(0.02) 
4 116-
117 
Sphagnum stems 
and leaves, sedge 
achenes 
03709 640 ±30 554 – 610 
(0.57) 
621 – 667 
(0.43) 
4 131-
132 
Sphagnum stems 
and leaves 
 
03249 850 ±20 698 – 704 
(0.01) 
707 – 718 
(0.03) 
723 – 792 
(0.96) 
4 147-
148 
Scheuchzeria 
fragments, sedge 
achene 
 
03250 930 ±25 790 – 920 
(1.00) 
4 151-
152 
Betula seed, 
sedge achenes, 
terrestrial leaf 
fragments 
 
03251 890 ±20 736 – 802 
(0.57) 
809 – 830 
(0.10) 
857 – 904 
(0.33) 
4 156-
157 
Betula bract and 
seeds, sedge 
achenes 
03111 1350 ±30 1183 – 1205 
(0.08) 
1237 – 1313 
(0.92) 
 
4 210-
214 
Betula bract and 
seeds, terrestrial 
bud scales, 
terrestrial leaf 
fragments 
03004 2610 ±40 2542 – 2588 
(0.04) 
2615 -2636 
(0.05) 
2699 – 2794 
(0.90) 
2826 – 2842 
(0.01) 
5 63-64 Sphagnum stems 
 
03904 95 ±25 24 – 141 
(0.72) 
220 – 262 
(0.27) 
5 79-80 Scheuchzeria 
seed and tip, 
Rubus seeds, 
sedge achenes 
03905 330 ±25 309 – 467 
(1.00) 
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6 68-69 Sphagnum stems, 
sedge achenes, 
Ericaceous  leaf 
fragments 
 
03355 80 ±20 32 – 84 (0.47) 
88 – 92 (0.01) 
96 – 138 
(0.24) 
223 – 256 
(0.26) 
6 87-88 Scheuchzeria 
stem fragments 
and tips, sedge 
achenes, Pinus 
strobus needle 
fragments 
 
03356 300 ±20 301 – 333 
(0.28) 
353 – 435 
(0.72) 
 
6 94-96 Betula bract, 
charred sedge 
achenes, 
terrestrial bud 
scales, Tsuga 
canadensis 
needle, woody 
terrestrial twig 
with bud scales,  
Pinus strobus 
needle fragment 
 
03480 800 ±25 676 – 743 
(0.98) 
753 – 761 
(0.02) 
7 151-
152 
Sphagnum stems, 
Schuechzeria 
tips, 
Chamaedaphne 
leaf fragments 
5025 660 ±25 560 – 598 
(0.50) 
632 – 670 
(0.50) 
7 191-
192 
Sedge achenes, 
Menyanthes seed 
5348 900 ±25 
 
740 – 833 
(0.55) 
843 – 908 
(0.45) 
8 113-
115 
Sphagnum stems, 
Pinus strobus 
bud scale, 
Schuechzeria tip 
and seed  
5024 340 ±25 314 – 477 
(1.00) 
8 122-
124 
Vaccinium leaf 
fragment, 
Schuechzeria tip, 
Sphagnum stems 
5349 330 ±25 
 
309 – 467 
(1.00) 
9 137-
138 
Schuechzeria 
seed, sedge 
achenes, 
5020 490 ±25 505 – 540 
(1.00) 
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Sphagnum stems, 
Chamaedaphne 
leaf fragment 
9 153-
154 
Cladium 
mariscoides 
achenes, 
Chamaedaphne 
leaf fragments, 
Schuechzeria tip, 
Pinus strobus 
needle fragments, 
Pinus strobus 
budscales 
5351 580 ±25 536 – 566 
(0.33) 
586 – 646 
(0.67) 
9 160-
161 
 
Schuechzeria 
tips,  
Chamaedaphne 
leaf fragments, 
Pinus strobus 
bud scales, 
Vaccinium leaf 
fragment, small 
Rhyncospora-
type achenes 
  Sample 
destroyed 
during 
measurement 
at laboratory, 
CO2 lost.  
9 161-
163 
Pinus strobus 
needles 
5794 695 ±25 566 – 586 
(0.18) 
645 – 683 
(0.82) 
 
Reference 
Stuiver, M. and P.J. Reimer. 1993. Extended 
14
C data base and revised Calib 3.0 
14
C age 
calibration program. Radiocarbon 35:215-230. 
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Chapter 4: Upland deforestation triggered an ecosystem state-shift in a kettle peatland 
 
Abstract 
European settlement of eastern North America resulted in dramatic changes to 
ecosystems, although the dynamics and underlying causes of these changes are not 
always obvious.  For example, land clearance likely exposed soils to increased wind 
erosion, potentially impacting downwind ecosystems indirectly through subsequent 
enhancement of dust deposition.  We hypothesized that otherwise undisturbed wetlands 
were altered through this indirect disturbance mechanism, increasing nutrient availability 
and initiating a cascade of ecosystem-level changes.  We tested this hypothesis in a 
floating kettle peatland located in northwestern Pennsylvania, USA using an 
interdisciplinary approach.  A series of peat cores were collected along a transect oriented 
parallel to the dominant wind direction and palaeoecological techniques were used to 
identify signatures of upland deforestation and mineral matter deposition within the peat 
profiles.  Elemental analyses were used to reconstruct historic availability of major 
macronutrients, plant macrofossils and tree rings (Pinus strobus) were used to reconstruct 
plant community dynamics, and testate amoebae were used as a proxy for microbial-
community dynamics.  Strong correlations between the concentrations of ragweed 
(Ambrosia) pollen and fine-grained mineral matter linked upland deforestation to 
enhanced dust deposition on the peatland surface.  Elemental analyses indicated that 
nitrogen, phosphorus, and potassium concentrations increased coincident with dust 
deposition.  Plant communities shifted from Sphagnum-dominance to vascular-plant-
dominance coincident with enhanced dust deposition, including increased recruitment of 
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Pinus strobus onto the peatland.  Testate amoeba communities shifted toward those 
adapted to highly variable micro-environmental conditions, and likely reflect broader 
changes in microbial communities.  Upland deforestation by European settlers triggered a 
cascade of ecological changes on a nutrient-poor peatland by enhancing dust deposition 
and nutrient delivery on the surface.  These results demonstrate that indirect, unintended, 
and often overlooked human disturbances can lead to dramatic structural and functional 
alterations of carbon-rich wetland ecosystems, highlighting the potential vulnerability of 
these systems in human-dominated landscapes.   
 
4.1. Introduction 
European colonization of eastern North America resulted in a profound and rapid 
transformation of natural ecosystems (Foster et al. 2004).  While many direct 
consequences of land-cover conversion by European settlers, including altered nitrogen 
(N) cycling in forests (Goodale and Aber 2001) and dramatic changes in the physical and 
biological functioning of stream networks (Allan 2004, Walter and Merrits 2008) are well 
documented, comparatively few studies have examined the effects of historic upland 
land-use changes on the structure and function of adjacent wetlands.  Understanding 
human legacies in these carbon-rich ecosystems is critically important to predicting how 
future climatic and land-use changes could alter carbon (C) cycling through this sizable 
terrestrial pool (Buffam et al. 2011).  Although the legacies of past human disturbances 
are rarely recognized in modern wetland systems, several retrospective studies have 
documented pre-settlement conditions markedly different from modern wetland structure, 
and speculated that these changes resulted from altered hydrology and/or increased 
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overland sediment delivery associated with upland deforestation (Warner et al. 1989, 
Lamentowicz et al. 2007, Rippke et al. 2010).  However, detailed mechanisms are poorly 
understood, and other factors may have also changed in response to upland land clearance 
(Warner et al. 1989, Lamentowicz et al. 2007, Rippke et al. 2010).  
 
Increased aerial deposition of atmospheric dust associated with land clearance may 
represent a significant disturbance of wetlands, particularly nutrient-poor systems.  For 
example, dust deposition in remote lakes of the western United States increased fivefold 
with the onset of extensive agricultural activities in the region (Neff et al. 2004).  
Ecologists have only recently begun to appreciate the potential consequences of dust 
deposition on natural systems (Okin et al. 2004, Hughes et al. 2008), yet concerns over 
the increasing intensity of human land-use, and anticipated climate changes of the 
coming century, highlight the critical importance of understanding this potential driver of 
ecosystem change (Field et al. 2010).  In wetlands, and especially in nutrient-poor 
peatlands, increased dust deposition could initially go unnoticed; however, cumulative 
dust inputs may eventually lead to significant ecological changes by increasing nutrient 
availability (Redfield 1998), altering the rates of production and decomposition, and 
changing the outcome of competitive dynamics.   
 
Peat deposits represent natural environmental archives, recording both local changes in 
the peatland biota, as well as changes in the adjacent uplands through the preservation of 
pollen and other wind-blown particulate matter.  For example, peat profiles have been 
used to track long-term trends in aerial deposition of heavy metals and to determine the 
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relative contributions of natural and anthropogenic sources of pollutants (Shotyk et al. 
1998, Givelet et al. 2003, De Vleeschouwer et al. 2009, Farmer et al. 2009).  Because 
these systems rely primarily on atmospheric inputs, they are naturally nutrient-poor 
(Bridgham et al. 1996) and increasing anthropogenic N deposition during the past several 
decades has led to concerns over the potential effects of eutrophication on their structure 
and biogeochemistry (Bragazza et al. 2006).   
 
Peatlands that form in small kettle depressions, which are common in previously-
glaciated portions of temperate North America, usually have discrete boundaries and 
generally maintain some connectively with groundwater (Kratz and Medland 1989, 
Bridgam et al. 1996).  Many kettle peatlands consist of floating mats of live and 
decomposing vegetation, which rise and fall with fluctuations in basin water levels (Buell 
and Buell 1941, Whittington et al. 2007, Ireland and Booth 2011).  As a result, the 
position of the water table in floating kettle peatlands remains relatively constant 
throughout the year, making these systems less climatically sensitive than grounded bogs 
with domed centers (Booth 2010).  Despite their reduced climatic sensitivity relative to 
some other peatlands, hydrological studies have demonstrated that groundwater flow 
paths in floating kettle peatlands are predominantly outward, making them functionally 
ombrotrophic and favoring Sphagnum-dominated plant communities comparable to those 
found on nutrient-poor raised bogs (Hemond 1980, Mouser et al. 2005, Rydin and Jeglum 
2006).  Thus, floating kettle peatlands represent a nearly ideal setting to assess the 
impacts of atmospheric-dust deposition while minimizing the confounding effects of 
water-level fluctuations driven by climatic variability.  
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In this study, we assessed the historic response of a floating kettle peatland in 
northwestern Pennsylvania, USA to deforestation of the surrounding uplands by 
European settlers.  We hypothesized that enhanced dust deposition associated with 
upland deforestation caused marked and long-lasting changes in nutrient availability that 
subsequently altered plant communities, microbial communities, and long-term peat 
accumulation and decomposition processes.  To test these hypotheses we reconstructed 
the recent history of peatland development by collecting three sediment cores along a 
transect oriented generally parallel to the dominant wind direction.  We used a suite of 
palaeoecological techniques to detect relative changes in forest cover on the surrounding 
uplands, quantify mineral matter inputs to the peatland, estimate past nutrient availability, 
reconstruct the dynamics of soil biota and plant communities, and determine the timing of 
white pine (Pinus strobus) recruitment on the peatland surface.       
 
4.2. Materials and methods  
4.2.1. Study region and site description 
This study was conducted in Erie County, Pennsylvania, USA, which occupies 
approximately 400,000 ha of the previously glaciated Allegheny Plateau (Fig. 4.1).  In 
Erie County, the earliest land grants to European settlers occurred in the late 1700s 
(Whitney and DeCant 2003).  Homesteaders found the soils and climate to be suitable for 
livestock production and settlement commenced quickly after about 1850 (Whitney and 
DeCant 2003).  Land clearance peaked around 1910 when 70 – 80% of the county 
(~300,000 ha) was deforested (Whitney and DeCant 2003).  The regional climate is 
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humid and continental with dominant winds blowing from the west-southwest (Fig. 4.1).  
From 1895 to 2008, the mean January and July air temperatures were -4.3 and 20.6 °C, 
respectively, and annual precipitation averaged 1040 mm (US Climate Division 36-10, 
NOAA, Earth System Research Laboratory, 
http://www.esrl.noaa.gov/psd/data/timeseries/).  Over the past century, moisture 
availability in the region has been increasing, as indicated by a significant positive linear 
trend in monthly mean Palmer Drought Severity Index (R
2
 = 0.45, a= 0.004, p < 0.0001).  
 
Within this landscape, we studied Titus Bog (41°57′07″ N, 79°45′30″ W), a peatland 
complex situated within an approximately16-ha glacial kettle (Fig. 4.1).  Glacial deposits 
comprising the northern rim of the kettle serve as the drainage divide between two small 
watersheds (~1800 ha each), but stream channels do not flow into or out of the basin.  
The surface of the peatland is about 20 m below the elevation of the surrounding uplands.  
The peatland complex is composed of a shrub-dominated swamp around the periphery 
and a centrally located floating peatland, which has had essentially the same geometry for 
the last several hundred years (Ireland and Booth 2011).  Surface waters on the peatland 
are acidic (pH 3.24 – 5.04).  Plant communities are generally characterized by Sphagnum 
mosses, but peatland shrubs, especially leather leaf (Chamaedaphne calyculata), sedges 
(Carex spp.), and club mosses (Lycopodiella spp.) are common, particularly in the central 
portion of the peatland.  Pinus strobus occurs at high density (~500 stems ha-1) around 
the western, northern, and southern margins of the floating peatland and at low density 
(~100 stems ha
-1
) in the interior (Fig. 1).  There is no obvious evidence to suggest historic 
logging of the Pinus strobus population on the peatland and selective logging within this 
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wetland complex seems unlikely given the floating character of the peatland and the 
extensive, shrub-dominated swamp around the perimeter.  Examination of records 
archived by the Erie County Recorder of Deeds for an area of approximately of 230 ha 
surrounding Titus Bog indicated that local land-use history paralleled regional patterns 
(cf. Ireland et al. 2011).  The earliest land grant that included Titus Bog occurred in 1787, 
intensive land clearance and agriculture commenced around 1852, and the peatland was 
purchased in 1967 by the Presque Isle Audubon Society and the Botanical Society of 
Western Pennsylvania for conservation purposes.  At the present, Titus Bog is bordered 
by young second-growth hardwood forest to the north and northwest and active 
agricultural fields elsewhere (Fig. 4.1). 
 
4.2.2. Field methods 
In 2008, three peat cores (Fig. 4.1) were collected along a southwest to northeast transect, 
generally parallel with the dominant wind direction, using a 10-cm diameter tripod-
mounted piston corer.  All cores were collected from low-lying microtopographic 
features, where average water-table depths (e.g. acrotelm – catotelm boundary) are near 
the surface year round (Ireland and Booth 2011, Sullivan and Booth 2011).  Although all 
cores were collected from Sphagnum-occupied areas, the vascular plant cover was 
variable between coring sites; a Pinus strobus canopy covered coring site A, coring site B 
was in a open area where Lycopodiella species were common and a vascular plant canopy 
was lacking, and coring site C was within a relatively dense stand of Chamaedaphne 
calyculata. The stratigraphy of each sediment core was described in the field prior to 
being wrapped in plastic and aluminum foil, and secured in rigid polyvinyl chloride shells 
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for transport to cold storage.  To assess general temporal patterns of Pinus strobus 
recruitment on the peatland, 96 individual trees were sampled with a 25-cm increment 
borer.  Sampled trees were cored within 30 cm of the base and were generally selected to 
represent the size classes and spatial densities present on the peatland, but sampling was 
intentionally skewed towards mature bark characteristics and large size in an effort to 
include the oldest individuals. 
 
4.2.3. Physical properties of peat cores 
In the laboratory, each peat core was cut into contiguous 1-cm slices.  Because the goal of 
this study was to reconstruct relatively recent peatland development and the basal peat 
ages for these cores were determined in a previous study (Ireland and Booth 2011), 
analyses and results described in this paper were restricted to the upper 30 cm of each 
core.  In each core, dry bulk density (g cm
-3
) was estimated at 1-cm resolution by 
weighing volumetric (1 cm
3
) samples after drying at 80 °C for a period of 14 hours.  
These samples were subsequently reweighed after 2 hours of combustion at 550 °C, with 
percent weight loss on ignition (LOI) taken as an estimate of the proportion of the sample 
composed of organic matter (Heiri et al. 2001, Chambers et al. 2011).  LOI and dry bulk 
density were used to estimate the organic matter concentration of each sample by 
expressing dry bulk density in units of mg cm
-3
 and multiplying by the proportional 
weight lost during LOI analysis.  Similarly, the concentration of inorganic matter 
(referred to hereafter as “mineral”) was estimated using the proportional weight 
remaining after LOI analysis.  To examine the size class and semi-quantitatively estimate 
elemental composition of mineral matter contained in peat deposits, combusted LOI 
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residue was retained at 5-cm intervals between 5 and 25 cm depth in each core, gently 
homogenized, and examined using a Hitachi TM-1000 tabletop scanning electron 
microscope (SEM) equipped for energy-dispersive X-ray analysis.  In each sample of 
homogenized LOI residue, three randomly placed 1-mm
2
 areas were examined at 150 × 
magnification, an image was captured, and elemental abundances (% weight) were 
estimated through X-ray backscatter.     
 
4.2.4. Carbon, nitrogen, and phosphorus concentrations  
Volumetric samples of bulk peat (1 cm
3
) were collected at 1-cm resolution in core A and 
at 2-cm resolution in cores B and C.  Samples were dried at 80 °C for 14 hours, manually 
powdered using a mortar and pestle, and homogenized immediately prior to sub-sampling 
by weight (2.7 – 4.3 mg for C and N; 5.2 – 9.9 mg for phosphorus [P]).  The University 
of California-Davis Stable Isotope Facility performed C and N analyses using a PDZ 
Europa ANCA-GSL elemental analyzer.  Standard procedures were used to extract 
particulate P and to measure optical density using a spectrophotometer at 885 nm 
(Solórzano and Sharp 1980), with laboratory standards included in each run.  For each 
sample in which nutrient analyses were performed, measured C, N, and P contents (μg g-
1
) were converted to units of mg mg
-1 
and multiplied by organic matter concentration (mg 
cm
-3
) to estimate C, N, and P concentrations (mg nutrient cm
-3
) within the organic matter 
fraction of each sampled depth.  Ratios of C:N and N:P were calculated from elemental 
concentrations and explored as proxies for peat decomposition (Kuhry and Vitt 1996) and 
historic community-to-ecosystem level nutrient limitations, respectively.  Though 
speculative, previous work has suggested that an N:P ratio of 15:1 could potentially 
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represent a critical threshold between P-limitation (> 15:1) and N-limitation (< 15:1) in 
both bryophyte-dominated and vascular plant-dominated wetland systems (Koerselman 
and Meuleman 1996, Walbridge and Navaratnam 2006).  
 
4.2.5. Macrofossil analysis 
A semi-quantitative method of macrofossil analysis was adapted from techniques 
presented in Yu et al. (2003) and used to characterize stratigraphic changes in botanical 
composition at 1-cm resolution in core A and at 2-cm resolution in cores B and C.  
Volumetric samples (2 cm
3
) were disaggregated by gently wet sieving for approximately 
30 seconds and all material > 125 μm was retained.  Captured material was placed into a 
gridded plastic dish and dispersed in approximately 30 mL of water.  The mixture was 
scanned under a standard dissecting microscope and botanical constituents were 
classified as one of six broad plant functional types or as unidentifiable, highly 
decomposed plant matter.  Identifications were aided by use of Mauquoy and Van Geel 
(2007), but no attempt was made to classify botanical remains to the lowest possible 
taxonomic resolution.  Because the large number of analyses performed in this study 
restricted the volumetric macrofossil sample size, concentrations were not calculated and 
data were only expressed on a percentage basis. The percentage of unidentifiable plant 
matter was interpreted as an estimate of peat decomposition (Cai and Yu 2011).    
 
4.2.6. Microfossil analysis 
Standard procedures (Booth et al. 2010) were used to isolate sub-fossil pollen grains and 
testate amoebae from volumetric peat samples (1 cm
3
) collected at 1-cm resolution in 
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core A and at 1- to 2-cm resolution in cores B and C.  Samples were boiled in deionized 
water for 10 minutes and wet sieved through nested screens to retain material between 15 
and 355 μm in diameter.  Concentrated material was stained with Safranine dye and 
dispersed in glycerol.  Microfossils were scanned at 400 × magnification under a light 
microscope along non-overlapping transects.  A known concentration of exotic 
Lycopodium spores was added to each sample and tallied along with pollen grains to 
enable estimation of pollen concentrations (Maher 1981) in units of (grains cm
-3
).  
Ragweed (Ambrosia spp.) pollen grains were used as a temporal marker for European 
settlement and land clearance (Turetsky et al. 2004).  In cores B and C, pollen analysis 
was increased from 2-cm to 1-cm resolution across the Ambrosia rise to delineate the 
settlement horizon with the greatest possible accuracy.  
   
Testate amoebae are a polyphyletic group of protozoa that produce morphologically 
distinct and decay-resistant shells.  These organisms are commonly used as indicators of 
environmental change in peatland ecosystems, especially hydrology (Mitchell et al. 
2008a).  Testate amoeba communities not only respond to changes in average 
hydrological conditions, but also other environmental factors, including the magnitude of 
microenvironmental variability at the surface of a peatland during the growing season, a 
factor that is influenced by type and density of vegetation cover (Sullivan and Booth 
2011).  Furthermore, testate amoebae are among the largest members of soil microbial 
communities and feed on bacteria, detritus, and fungi, making their community 
composition sensitive to changing food sources (Gilbert et al. 2003, Jassey et al. 2011).  
Thus, testate amoebae can be used as an indicator for broader microbial-community 
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change.  To assess changes in testate amoeba community composition through time, tests 
were identified and tallied until a minimum of 50 specimens were encountered in each 
sample.  Although this count total is fewer than many studies employ, it is sufficient to 
identify major community shifts (Payne and Mitchell 2009), which was the goal of this 
study.  Taxonomy followed Charman et al. (2000) and Booth (2008).  Habrotrocha 
angusticollis, a rotifer commonly associated with testate amoebae, was included in the 
counts and subsequent analyses.  Five siliceous taxa including, Corthion – Trinema-type, 
Euglypha rotunda-type, Euglypha tuberculata-type, Placocista spinosa, and 
Tracheuglypha dentata, were encountered in the uppermost samples of each core, but 
these were excluded from count totals and data analysis because they do not preserve 
well in oligotrophic peatlands (Mitchell et al. 2008b).  In samples containing these taxa, 
total counts were increased to ensure that the 50-specimen threshold was met after their 
removal.  
 
 4.2.7. Age-depth modeling 
An age-depth model was constructed for each peat core using a series of accelerator mass 
spectrometry (AMS) radiocarbon dates of plant macrofossils, the depth of the initial 
increase in mineral-matter concentration, the depth of the maximum in Ambrosia-pollen 
concentration, and the age of the surface (Fig. 4.2).  Descriptions of methods used in 
radiocarbon dating as well as laboratory identifiers and results for each date were 
presented in Ireland and Booth (2011).   Radiocarbon dates were calibrated and age-depth 
models were constructed using software written in R (CLAM; Blaauw 2010).  Within the 
age-depth models, the initial increase in mineral-matter concentration and maximum in 
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Ambrosia-pollen concentration were assigned ages of 1850 ±10 and 1900 ±10, 
respectively, based on a regional land-use history constrained by analysis of historical 
documents (Whitney and DeCant 2003).  A smooth spline was used to model the data and 
a Monte Carlo approach with 1000 iterations was used to estimate the 95% confidence 
interval for all age assignments.  Peat accumulation rates (cm yr
-1
) were calculated at 
each 1-cm depth interval in each core.   
 
4.2.8. Analysis of Pinus strobus recruitment on Titus Bog   
In the laboratory, tree cores were mounted to wooden blocks and sanded with 
progressively finer sandpaper until annual growth increments were visible under a 
standard dissecting microscope.  Of the 96 original samples, two were removed due to rot 
and nine were removed because the core did not capture near-pith curvature, reducing the 
sample size to 85.  Annual growth increments were counted using a Velmex tree ring 
system and the number of growth increments was used to estimate the year of recruitment 
for each stem.  In cores that captured the pith imperfectly (n = 60), pith locators were 
used to estimate the number of missing rings (mean = 3; max = 9) following Applequist 
(1958).  To account for uncertainty in age assignments, data were binned by decade and 
only the general pattern was interpreted.   
 
4.2.9. Data analysis and synthesis   
Within each core, the degree of association between Ambrosia pollen and mineral matter 
concentrations was determined by calculating Pearson’s correlation coefficient, excluding  
depths where pollen analysis was not performed.  The software package PAST version 
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1.78 (Hammer et al. 2001) was used to summarize changes through time in multivariate 
X-ray backscatter, macrofossil, and testate amoeba data by performing principle 
components analyses (PCA) of the variance-covariance matrix for untransformed 
percentages.  Due to small samples sizes in each core (n = 5), X-ray backscatter data were 
compiled from all three cores for PCA analysis (n = 15).  Separate PCA analyses were 
performed for each core with macrofossil and testate amoeba data, where sample sizes 
were substantially larger and variability among the cores was more pronounced.  In the 
testate amoeba dataset, only taxa that exceeded 10% representation in at least one sample 
were included in the analysis.  All data were plotted versus age, interpreted within the 
context of regional land-use history (Whitney and DeCant 2003), and interpretations were 
synthesized into a general conceptual model describing hypothesized processes and 
feedbacks. 
 
4.3. Results  
4.3.1. Ambrosia pollen and mineral matter concentrations   
Prominent increases in concentration of both Ambrosia pollen and mineral matter were 
observed in each core (Fig. 4.3) and interpreted to represent deforestation of the 
surrounding uplands by European settlers (Turetsky et al. 2004).  Pre-settlement 
Ambrosia pollen concentrations ranged from 0 to about 4000 grains cm-3 while peak 
concentrations ranged from about 17,000 to about 46,000 grains cm
-3
.  This pattern was 
mirrored by mineral matter concentrations, which ranged from 0.8 to 4.8 mg cm
-3
 during 
pre-settlement time and from 14.8 to 25.5 mg cm
-3
 during the inferred time of peak 
deposition.  All cores displayed highly statistically significant correlations between 
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Ambrosia pollen and mineral matter concentrations (Fig. 4.3).  SEM observations of LOI 
residue documented only the presence of very fine-grained particles (generally < 25 μm) 
within the mineral fraction of the peat deposits.  Within each core, the initial increase in 
mineral concentration was interpreted as representing the onset of land clearance (~1850) 
and the peak Ambrosia pollen concentration was interpreted as representing ~1900, when 
regional deforestation was greatest (cf. Hölzer and Hölzer 1998).     
 
4.3.2. Peat accumulation rates and elemental concentrations  
Age-depth models suggest that after the initial increase in mineral matter concentration 
around 1850, average peat accumulation rates decreased by factors of 1.6, 4.2, and 4.4 in 
cores A, B, and C, respectively (Fig. 4.2).  In core A, average C concentration increased 
by a factor of 1.9 after peak mineral concentration (Fig. 4.3).  However, this pattern did 
not occur in cores B and C where average C concentrations remained relatively constant 
across the peaks in mineral matter concentration (Fig. 4.3).  After peak mineral matter 
concentrations, N concentrations increased by factors of 3.9, 1.5, and 1.5, and P 
concentrations increased by factors of 6.7, 1.9, and 1.9 in cores A, B, and C, respectively 
(Fig. 3).  Energy dispersive X-ray analysis indicated that the mineral fraction of peat 
deposits above peak mineral concentrations was dominated by silicon (Si), aluminum 
(Al), potassium (K), and iron (Fe) while samples below this level were dominated by 
calcium (Ca), sulfur (S), and magnesium (Mg).  The first principle component in this 
analysis explained 92.8% of the variability and closely tracked mineral matter 
concentrations (Fig. 3).   
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4.3.3. Macrofossils 
In all cores, Sphagnum mosses were replaced by vascular plants coincident with the 
inferred timing of European settlement and maximum deposition of mineral matter on the 
peatland surface (Fig. 4.4).  Shrubs, mostly Chamaedaphne calyculata, increased in 
abundance toward the top of each core.  Pinus strobus needles and bud scales became 
abundant in the upper portions cores A and B.  Unidentifiable plant material increased at 
the transition from Sphagnum- to vascular-plant dominance in all cores (Fig. 4.4).    
 
4.3.4. Testate amoebae 
In total, 38 taxa were encountered in the analysis of testate amoebae, including 
Habrotrocha augusticollis, a rotifer, and the five siliceous testate amoebae that were 
excluded from the dataset.  Of the remaining 33 taxa, 14 exceeded the representation 
threshold (10% in at least one sample) and were included in subsequent analyses (Fig. 
4.5).  Mirroring all other datasets, testate amoeba communities exhibited shifts in 
composition coincident with the inferred timing of European settlement and maximum 
deposition of mineral matter on the peatland surface (Fig. 4.5).  Pre-settlement samples 
were generally dominated by Habrotrocha augusticollis (rotifer), Hyalosphenia papilo, 
Hyalosphenia elegans, and Centropyxis aculeata–type while post-settlement samples 
tended to be dominated by Difflugia pulex, Difflugia pristis, Hyalosphenia subflava, and 
Cyclopyxis arcelloides–type.  However, each core displayed slightly different pre- and 
post-settlement communities. 
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4.3.5. Pinus strobus recruitment on the peatland 
The oldest sampled Pinus strobus established on the peatland around 1902 and the 
youngest established around 1987 (Fig. 4.6).  The median estimated establishment date 
was 1952 and the inter-quartile range was 1925 – 1972.  Recruitment data agree with 
macrofossil data, which documented a rarity of Pinus strobus needles and bud scales 
before 1900 (Fig. 4). 
 
4.4. Discussion 
4.4.1. An anthropogenic, nutrient-mediated ecosystem state-shift  
Collectively, these datasets suggest that upland deforestation by European settlers 
triggered an abrupt, nutrient-mediated ecosystem state-shift on Titus Bog (Fig. 4.6).  
Mineral deposition was linked to land clearance by strong positive correlations between 
the concentrations of mineral matter and Ambrosia pollen in all peat cores (Fig. 4.3), a 
pattern that has been documented before in comparable peatland systems (Hölzer and 
Hölzer 1998, Martínez Cortizas et al. 2005, Lomas-Clarke and Barber 2007, Hughes et al. 
2008).  Mineral matter deposited on Titus Bog was most likely derived from nearby 
upland soils and transported by eolian processes.  Evidence for an eolian origin of 
mineral matter in these peat cores includes (i) the lack of stream channels flowing into 
Titus Bog, (ii) the lack of large slopes on the adjacent uplands that could have facilitated 
substantial sheet flow into the wetland complex, (iii) the presence of approximately 30 m 
of shrub swamp between the centrally located peatland and surrounding uplands, and (iv) 
the small particle size of the mineral matter itself (cf. Gorham and Tilton 1978, 
Santelmann and Gorham 1988).  Furthermore, X-ray backscatter data from all three cores 
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indicated that Si, which has long been used as a tracer of dust deposition on peatlands 
(Chapman 1964, Hölzer and Hölzer 1998, Martínez Cortizas et al. 2005, Lomas-Clarke 
and Barber 2007, Hughes et al. 2008), was the most abundant element in LOI residue 
collected within the mineral matter peak and that Si is more abundant above the depth of 
maximum mineral concentration than below (Fig. 4.3).  Finally, core A, which was 
collected along the windward margin of the peatland recorded more dramatic shifts in all 
measured variables than cores B or C, further suggesting that windblown material likely 
caused nutrient enrichment of the ecosystem.   
 
In all cores, peat above the depth of peak mineral matter and Ambrosia pollen were 
enriched in N, P, and K relative to peat deposits below this level (Fig. 4.3), consistent 
with the hypothesis of dust fertilization.  P enrichment was especially pronounced, 
particularly in core A (Fig. 4.3).  Modern studies have shown that windblown dust 
particles can be composed of up to 0.2% P by weight (Redfield 1998) and often represent 
the most important source of P replenishment to peatlands (Le Roux et al. 2006).  This is 
especially true in highly-disturbed agricultural settings where dry P deposition can reach 
50 – 100 mg m-2 yr-1, two-to-three times greater than less disturbed, forested regions 
(Redfield 1998).   
 
The post-disturbance shift from Sphagnum-dominated to vascular-plant dominated plant 
communities is also consistent with greater nutrient availability on the peatland surface 
(Rydin and Jeglum 2006).  Similarly, expansion of Pinus strobus on the peatland is 
consistent with fertilization, especially in terms of P enrichment, as trees can be strongly 
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P-limited in peatland systems and can respond quickly to increased P availability (Rydin 
and Jeglum 2006).  Other studies of peat profiles have documented correlations among 
palynological indicators of upland land-use change, geochemical properties of the peat 
deposits, and macrofossil records of vegetation shifts.  For example, Hughes et al. (2008) 
demonstrated strong linkages between palynological indicators of pastoral disturbance 
and marked declines in a particular species of Sphagnum moss on raised bogs in the 
British Isles and suggested that this species (S. austinii) was sensitive to aerial deposition 
of dust particles containing nutrients and/or charcoal.   
 
Testate amoeba communities also underwent marked structural changes coincident with 
mineral matter deposition, nutrient enrichment, and plant community shifts, especially in 
core A (Figs 4.5 and 4.6).  Recorded community shifts were not strictly consistent with 
directional changes toward wetter or drier conditions on the peatland surface, which is 
not surprising as such directional shifts would not be expected to occur on a 
hydrologically stable floating peatland (Booth 2010).  Rather, data suggest that 
coincident with the change in plant communities, testate amoeba communities shifted 
toward those more tolerant of high-magnitude variability in micro-meteorological 
conditions, such as those characterized by high abundances of Difflugia pulex and 
Hyalosphenia subflava (Sullivan and Booth 2011).  Shifts from densely growing 
Sphagnum mosses to relatively less dense vascular plants would have enhanced micro-
meteorological variability at the peatland surface, affecting the upper few centimeters 
where testate amoebae live.  Food sources for testate amoebae may have also changed, 
due to changes in the composition of microbial communities, and this may also have 
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contributed to changes in testate amoeba community composition (Jassey et al. 2011).  
Variation in testate amoeba communities among cores likely resulted from relatively 
small dissimilarities in the micro-topography of coring locations.  These differences 
highlight that core samples generally record very local changes, illustrating the 
importance of collecting and analyzing multiple cores when attempting to reconstruct 
whole-ecosystem dynamics.   
 
Together, changes in the mineral matter concentrations (Fig. 4.3) and quantity of highly 
decomposed plant material (Fig. 4.4), suggest that nutrient enrichment stimulated 
microbial decomposition.  Reduced peat accumulation rates in the upper portions of these 
peat cores (Fig. 4.2) are also suggestive of enhanced decomposition.  A post-disturbance 
increase in rates of peat decomposition is generally consistent with increased P 
availability, as microbial respiration can be P-limited in nutrient-poor peatlands (Amador 
and Jones 1993).  It is also possible that the expansion of vascular plants yielded less 
recalcitrant litter than the preceding Sphagnum-dominated peatland community, 
facilitating relatively high rates of decomposition and rapid recycling of resources 
(Verhoeven et al. 1990, Aerts et al. 1999) (Fig. 4.7).   
 
While all the data indicate that aerial deposition of dust fertilized Titus Bog, inferring 
past nutrient limitation and identifying which specific nutrients led to the ecological 
changes is challenging.  Primary productivity in oligotrophic peatlands is commonly 
thought to be N-limited (e.g. Bragazza et al. 2006), although others have suggested P-
limitation (Walbridge and Navaratnam 2006), potentially in conjunction with K-
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limitation (Güsewell and Koerselman 2002).  Recent work has suggested that many 
ecosystems, including freshwater wetlands, could in fact be co-limited by N and P, with 
addition of both nutrients resulting in strong synergistic effects (Elser et al. 2007).   
 
Nutrient ratios are frequently used to explore the nature of nutrient limitation and 
ecological processes.  In all cores at Titus Bog, C:N ratios were generally consistent with 
average values reported for bulk peat (Limpens et al. 2006) and tracked botanical changes 
recorded in macrofossil data (Fig. 4.6).  Observed negative excursions in C:N ratios 
toward the surface were inconsistent  with expectations for a decomposition-driven 
pattern (Kuhry and Vitt 1996), but more likely reflected changes in source material 
(Dorrepaal et al. 2005).  In all cores N:P ratios exhibited negative shifts coincident with 
maximum mineral matter concentrations (Fig. 4.6).  The direction of these shifts 
suggested that Titus Bog may have tended toward P-limitation prior to European 
settlement (> 15:1) and that after dust deposition the system may have become more N-
limited (< 15:1) (Walbridge and Navaratnam 2006).  More research would be required to 
systematically test this hypothesis; however, data suggest N, P, and K were transported to 
the surface of Titus Bog, making it likely that increased nutrient availability triggered the 
dramatic ecological changes, even if the nature of the preceding nutrient limitation is 
uncertain. 
 
4.4.2. Conclusions and conservation implications 
Extensive efforts have gone toward predicting responses of C-rich peatland ecosystems to 
large-scale increases in anthropogenic nutrient deposition (e.g. Bragazza et al. 2006).  
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Results of this study suggest that peatlands in agricultural landscapes may be vulnerable 
to nutrient enrichment through non-point-source dust deposition, with considerable 
community-to-ecosystem level consequences.  At Titus Bog, dust deposition was 
associated with reduced peat accumulation rates (Fig. 4.2), nutrient enrichment (Fig. 4.3), 
shifts from Sphagnum moss to vascular plant communities (Figs 4.4 and 4.6), and shifts 
in testate amoeba assemblages (Fig. 4.5) that likely reflected broader changes in 
microbial communities.  Although speculative, N:P ratios suggest that prior to European 
settlement, the peatland tended toward P-limitation and that dust deposition associated 
with land clearance pushed the system toward N-limitation (Fig. 4.6).  Although the 
mineral fraction of peat deposits never exceeded 20% of total weight, the nutrient inputs 
were apparently large enough to exceed a critical threshold for this oligotrophic system, 
leading to a cascade of ecological changes (Scheffer et al. 2001).  These results suggest 
that Titus Bog had limited capacity to resist nutrient-driven changes.   
 
Sphagnum mosses are relatively abundant on the modern peatland surface, suggesting 
some recovery during the past century and obscuring the dramatic shifts that occurred in 
the recent past.  However, that the legacy of dust deposition likely still remains, as 
vascular plants are substantially more common today than they were prior to the transient 
disturbance event.  Furthermore, the strong spatial patterning of Pinus strobus (Fig. 4.1) 
is apparently unrelated to the developmental history of the peatland (Ireland and Booth 
2011), but more likely is related to land-use history in the adjacent upland (Houlahan et 
al. 2006) and possibly the influence of the dominant westerly surface winds in depositing 
more dust along the western margins (Santelmann and Gorham 1988).  Our results 
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underscore the benefits of including a paleoecological perspective in developing 
strategies for the conservation, management, and restoration of C-rich peatlands 
(Vasander et al. 2003, Williams 2011), reaffirm the value of upland buffers along wetland 
margins, and highlight the potential sensitivity of these systems to past and future 
changes in usage of the surrounding landscape.       
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Fig. 4.1.  Regional orientation map depicting the location of Titus Bog in Erie County, 
Pennsylvania, USA and a detail map showing coring locations.  The dominant wind 
direction of 230° was calculated by the Office of the Pennsylvania State Climatologist 
using 72,559 hourly observations collected between 1991 and 2005 at Venango Regional 
Airport (FKL) in Franklin, Pennsylvania 
(http://climate.met.psu.edu/www_prod/features/wind_roses/).  FKL is approximately 60 
km south of Titus Bog.  Note that the arrow is pointing in the leeward direction.  Peat 
coring locations are depicted overlaying a 0.30-m resolution aerial photograph collected 
in April 2005.  Tree cover on the peat mat is almost exclusively Pinus strobus and the 
stem density is substantially greater along the northern, western, and southern margins 
than in the center or along the eastern margin.  Note that cores A, B, and C, were referred 
to as cores 4, 5, and 6 (respectively) in Ireland and Booth (2011).   
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Fig. 4.2.  Age-depth models for peat cores A, B, and C (Fig. 4.1).  For each core, black 
error bars represent the full 2σ range of calibrated radiocarbon dates and triangles 
represent the depths and ages of stratigraphic markers explained in text. Note that 
complete laboratory descriptions of all AMS radiocarbon dates are published in Ireland 
and Booth (2011).  In each core, the solid black line indicates the age assignment for each 
depth and the gray shaded zone represents the 95% confidence interval for the age-depth 
model.  Horizontal dotted lines represent the maximum depth of analyses performed in 
this study.  Note the apparent reductions in peat accumulation rates after European 
settlement.      
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Fig. 4.3.  Comparison of Ambrosia pollen, mineral matter, organic matter in bulk peat, C, 
N, and P in the organic matter fraction, and the elemental composition of the mineral 
matter fraction in all peat cores through time.  Letters correspond to core locations 
presented in Fig. 4.1. Gray bands begin at 1850 and end at 1910, corresponding to 
regional settlement and maximum deforestation, respectively (Whitney and DeCant 
2003).  Note the statistically significant correlations between the concentrations of 
Ambrosia pollen and mineral matter as well as the marked shifts in concentrations of N 
and P and the first the PCA axis 1 scores for X-ray backscatter data collected from the 
mineral fraction of the peat samples.  Correlations between individual elements and PCA 
axis 1 scores were as follows: Si (-0.98), Al (-0.89), K (-0.85), Fe (-0.21), Ca (0.99), Mg 
(0.77), and S (0.64).      
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Fig. 4.4.  Macrofossil assemblages through time for cores A, B, and C through time.  
Gray bands begin at 1850 and end at 1910, corresponding to regional settlement and 
maximum deforestation, respectively (Whitney and DeCant 2003).  Note that major 
changes began around the inferred time of European settlement, including marked 
declines in Sphagnum, increases in vascular plants, and increased representation of highly 
decomposed plant remains.  Pinus strobus includes needles and bud scales.     
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Fig. 4.5.  Testate amoeba data for cores A, B, and C plotted through time.  Gray bands 
begin at 1850 and end at 1910, corresponding to regional settlement and maximum 
deforestation, respectively (Whitney and DeCant 2003).  Note that changes in community 
composition began in all cores coincident with European settlement, paralleling all other 
datasets.   
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Fig. 4.6.  Data synthesis comparing regional deforestation curve (Whitney and DeCant 
2003) with mineral matter concentrations, C:N ratios, N:P ratios, and PCA axis 1 scores 
for testate amoeba and macrofossil data from all peat cores as well as tree ring data 
documenting Pinus strobus recruitment on the peatland.  Letters correspond to core 
locations presented in Fig. 4.1 and gray bands begin at 1850 and end at 1910, 
corresponding to regional settlement and maximum deforestation, respectively (Whitney 
and DeCant 2003).  Note that all datasets in all cores display marked changes coincident 
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with deforestation.  PCA axis 1 accounts for 68.5, 40.2, and 35.5% of the variability in 
testate amoeba data in cores A, B, and C, respectively.  In the case of macrofossil data, 
PCA axis 1 explains 83.5, 60.7, and 61.9% of the variability in cores A, B, and C, 
respectively. Pinus strobus recruitment patterns suggest that trees were rare on the 
peatland prior to European settlement, but that recruitment increased markedly following 
peak dust deposition on the peatland surface. Note that C:N ratios generally track 
macrofossil PCA axis 1 scores.  Though speculative, the observed changes in N:P ratios 
may be indicative of a transition from  P-limitation to N-limitation after dust deposition 
(Koerselman and Mueleman 1996; Güsewell and Koerselman 2002; Walbridge and 
Navaratnam 2006).     
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Fig. 4.7.  Conceptual model summarizing the proposed dynamics that were triggered by 
deforestation of the surrounding uplands.  Boxes and text in black are underpinned by 
data collected in this study, whereas those in gray represent hypotheses.   Data indicate 
that human deforestation led to dust deposition on the Sphagnum-dominated, nutrient 
poor surface of Titus Bog.  Elemental data strongly suggest that dust deposition 
transported nutrients (especially, N, P, and K) to the system, and this fertilization likely 
led to changes in plant communities.  Changes in testate amoeba communities were likely 
caused by some combination of higher microenvironmental variability associated with 
the more open vegetation canopy, as well as changing food sources caused by broader 
changes in microbial communities.  Macrofossil data documented more decomposition 
within the post-settlement vascular plant communities than within the pre-settlement 
Sphagnum-dominated communities.  Vascular plant communities may have produced less 
recalcitrant litter, sustaining high rates of decomposition and rapid nutrient cycling 
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(Verhoeven et al. 1990; Aerts et al. 1999), and providing a feedback mechanism to 
maintain the new ecosystem state.       
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Appendix I: Data associated with Chapter 1 
Table A.1.1. Data used in Fig. 1.6.  Note that these data were derived from radiocarbon 
dates presented in Table 3.A.1. and loss-on-ignition data presented in Appendix 2.   
AFDW 
(g/cm3) 
Carbon 
(g/cm3) 
gC/m2 kgC/m2 Cumul. 
KgC/m2 
Depth Age 
0.130733 0.065367 653.6667 0.653667 62.54117 0.5 -52.148 
0.122967 0.061483 614.8333 0.614833 61.8875 1.5 -40.444 
0.1401 0.07005 700.5 0.7005 61.27267 2.5 -28.74 
0.124967 0.062483 624.8333 0.624833 60.57217 3.5 -17.036 
0.1392 0.0696 696 0.696 59.94733 4.5 -5.332 
0.122367 0.061183 611.8333 0.611833 59.25133 5.5 6.372 
0.125067 0.062533 625.3333 0.625333 58.6395 6.5 18.076 
0.1197 0.05985 598.5 0.5985 58.01417 7.5 29.78 
0.113267 0.056633 566.3333 0.566333 57.41567 8.5 41.484 
0.0897 0.04485 448.5 0.4485 56.84933 9.5 53.188 
0.093733 0.046867 468.6667 0.468667 56.40083 10.5 64.892 
0.085933 0.042967 429.6667 0.429667 55.93217 11.5 76.596 
0.074433 0.037217 372.1667 0.372167 55.5025 12.5 88.3 
0.079833 0.039917 399.1667 0.399167 55.13033 13.5 100.004 
0.064167 0.032083 320.8333 0.320833 54.73117 14.5 106.7616 
0.075233 0.037617 376.1667 0.376167 54.41033 15.5 112.2624 
0.069133 0.034567 345.6667 0.345667 54.03417 16.5 117.7632 
0.066567 0.033283 332.8333 0.332833 53.6885 17.5 123.264 
0.063167 0.031583 315.8333 0.315833 53.35567 18.5 128.7648 
0.067033 0.033517 335.1667 0.335167 53.03983 19.5 134.2656 
0.0602 0.0301 301 0.301 52.70467 20.5 139.7664 
0.052733 0.026367 263.6667 0.263667 52.40367 21.5 145.2672 
0.0681 0.03405 340.5 0.3405 52.14 22.5 150.768 
0.0583 0.02915 291.5 0.2915 51.7995 23.5 156.2688 
0.0533 0.02665 266.5 0.2665 51.508 24.5 161.7696 
0.0435 0.02175 217.5 0.2175 51.2415 25.5 167.2704 
0.041567 0.020783 207.8333 0.207833 51.024 26.5 172.7712 
0.057067 0.028533 285.3333 0.285333 50.81617 27.5 178.272 
0.038467 0.019233 192.3333 0.192333 50.53083 28.5 183.7728 
0.059467 0.029733 297.3333 0.297333 50.3385 29.5 189.2736 
0.060767 0.030383 303.8333 0.303833 50.04117 30.5 194.7744 
0.044833 0.022417 224.1667 0.224167 49.73733 31.5 200.2752 
0.04175 0.020875 208.75 0.20875 49.51317 32.5 205.776 
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0.038667 0.019333 193.3333 0.193333 49.30442 33.5 211.2768 
0.0415 0.02075 207.5 0.2075 49.11108 34.5 216.7776 
0.046233 0.023117 231.1667 0.231167 48.90358 35.5 222.2784 
0.047233 0.023617 236.1667 0.236167 48.67242 36.5 227.7792 
0.049133 0.024567 245.6667 0.245667 48.43625 37.5 233.28 
0.046867 0.023433 234.3333 0.234333 48.19058 38.5 238.7808 
0.053467 0.026733 267.3333 0.267333 47.95625 39.5 244.2816 
0.0338 0.0169 169 0.169 47.68892 40.5 249.7824 
0.043033 0.021517 215.1667 0.215167 47.51992 41.5 255.2832 
0.044867 0.022433 224.3333 0.224333 47.30475 42.5 260.784 
0.039767 0.019883 198.8333 0.198833 47.08042 43.5 266.2848 
0.052767 0.026383 263.8333 0.263833 46.88158 44.5 271.7856 
0.053933 0.026967 269.6667 0.269667 46.61775 45.5 277.2864 
0.051767 0.025883 258.8333 0.258833 46.34808 46.5 282.7872 
0.051767 0.025883 258.8333 0.258833 46.08925 47.5 288.288 
0.059467 0.029733 297.3333 0.297333 45.83042 48.5 293.7888 
0.0586 0.0293 293 0.293 45.53308 49.5 299.2896 
0.0729 0.03645 364.5 0.3645 45.24008 50.5 304.7904 
0.081167 0.040583 405.8333 0.405833 44.87558 51.5 310.2912 
0.067467 0.033733 337.3333 0.337333 44.46975 52.5 315.792 
0.0904 0.0452 452 0.452 44.13242 53.5 321.2928 
0.080233 0.040117 401.1667 0.401167 43.68042 54.5 326.7936 
0.070267 0.035133 351.3333 0.351333 43.27925 55.5 332.2944 
0.062767 0.031383 313.8333 0.313833 42.92792 56.5 337.7952 
0.0578 0.0289 289 0.289 42.61408 57.5 343.296 
0.061567 0.030783 307.8333 0.307833 42.32508 58.5 348.7968 
0.0498 0.0249 249 0.249 42.01725 59.5 354.2976 
0.0606 0.0303 303 0.303 41.76825 60.5 359.7984 
0.0517 0.02585 258.5 0.2585 41.46525 61.5 365.2992 
0.061033 0.030517 305.1667 0.305167 41.20675 62.5 370.8 
0.052267 0.026133 261.3333 0.261333 40.90158 63.5 376.3008 
0.044 0.022 220 0.22 40.64025 64.5 381.8016 
0.064467 0.032233 322.3333 0.322333 40.42025 65.5 387.3024 
0.070433 0.035217 352.1667 0.352167 40.09792 66.5 392.8032 
0.068733 0.034367 343.6667 0.343667 39.74575 67.5 398.304 
0.055933 0.027967 279.6667 0.279667 39.40208 68.5 403.8048 
0.076967 0.038483 384.8333 0.384833 39.12242 69.5 409.3056 
0.085633 0.042817 428.1667 0.428167 38.73758 70.5 414.8064 
0.0762 0.0381 381 0.381 38.30942 71.5 420.3072 
0.0626 0.0313 313 0.313 37.92842 72.5 425.808 
0.060767 0.030383 303.8333 0.303833 37.61542 73.5 431.3088 
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0.060767 0.030383 303.8333 0.303833 37.31158 74.5 436.8096 
0.0678 0.0339 339 0.339 37.00775 75.5 442.3104 
0.058467 0.029233 292.3333 0.292333 36.66875 76.5 447.8112 
0.0527 0.02635 263.5 0.2635 36.37642 77.5 453.312 
0.058767 0.029383 293.8333 0.293833 36.11292 78.5 458.8128 
0.054667 0.027333 273.3333 0.273333 35.81908 79.5 464.3136 
0.0623 0.03115 311.5 0.3115 35.54575 80.5 469.8144 
0.06 0.03 300 0.3 35.23425 81.5 475.3152 
0.068167 0.034083 340.8333 0.340833 34.93425 82.5 480.816 
0.049867 0.024933 249.3333 0.249333 34.59342 83.5 486.3168 
0.058967 0.029483 294.8333 0.294833 34.34408 84.5 491.8176 
0.0518 0.0259 259 0.259 34.04925 85.5 497.3184 
0.0578 0.0289 289 0.289 33.79025 86.5 502.8192 
0.053733 0.026867 268.6667 0.268667 33.50125 87.5 508.32 
0.067933 0.033967 339.6667 0.339667 33.23258 88.5 513.8208 
0.060867 0.030433 304.3333 0.304333 32.89292 89.5 519.3216 
0.070867 0.035433 354.3333 0.354333 32.58858 90.5 524.8224 
0.064367 0.032183 321.8333 0.321833 32.23425 91.5 530.3232 
0.070833 0.035417 354.1667 0.354167 31.91242 92.5 535.824 
0.058767 0.029383 293.8333 0.293833 31.55825 93.5 541.3248 
0.0517 0.02585 258.5 0.2585 31.26442 94.5 546.8256 
0.056967 0.028483 284.8333 0.284833 31.00592 95.5 552.3264 
0.0807 0.04035 403.5 0.4035 30.72108 96.5 557.8272 
0.056567 0.028283 282.8333 0.282833 30.31758 97.5 563.328 
0.079267 0.039633 396.3333 0.396333 30.03475 98.5 568.8288 
0.049767 0.024883 248.8333 0.248833 29.63842 99.5 574.3296 
0.058367 0.029183 291.8333 0.291833 29.38958 100.5 579.8304 
0.0603 0.03015 301.5 0.3015 29.09775 101.5 585.3312 
0.061633 0.030817 308.1667 0.308167 28.79625 102.5 590.832 
0.065467 0.032733 327.3333 0.327333 28.48808 103.5 596.3328 
0.052333 0.026167 261.6667 0.261667 28.16075 104.5 601.8336 
0.055767 0.027883 278.8333 0.278833 27.89908 105.5 607.3344 
0.062833 0.031417 314.1667 0.314167 27.62025 106.5 612.8352 
0.054233 0.027117 271.1667 0.271167 27.30608 107.5 618.336 
0.059567 0.029783 297.8333 0.297833 27.03492 108.5 623.8368 
0.052033 0.026017 260.1667 0.260167 26.73708 109.5 629.3376 
0.055467 0.027733 277.3333 0.277333 26.47692 110.5 634.8384 
0.054733 0.027367 273.6667 0.273667 26.19958 111.5 640.3392 
0.064567 0.032283 322.8333 0.322833 25.92592 112.5 645.84 
0.0667 0.03335 333.5 0.3335 25.60308 113.5 651.3408 
0.079933 0.039967 399.6667 0.399667 25.26958 114.5 656.8416 
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0.096633 0.048317 483.1667 0.483167 24.86992 115.5 662.3424 
0.074367 0.037183 371.8333 0.371833 24.38675 116.5 667.8432 
0.068933 0.034467 344.6667 0.344667 24.01492 117.5 673.344 
0.070867 0.035433 354.3333 0.354333 23.67025 118.5 678.8448 
0.0735 0.03675 367.5 0.3675 23.31592 119.5 684.3456 
0.066933 0.033467 334.6667 0.334667 22.94842 120.5 689.8464 
0.072533 0.036267 362.6667 0.362667 22.61375 121.5 695.3472 
0.072933 0.036467 364.6667 0.364667 22.25108 122.5 700.848 
0.063633 0.031817 318.1667 0.318167 21.88642 123.5 706.3488 
0.0669 0.03345 334.5 0.3345 21.56825 124.5 711.8496 
0.0624 0.0312 312 0.312 21.23375 125.5 717.3504 
0.0568 0.0284 284 0.284 20.92175 126.5 722.8512 
0.061767 0.030883 308.8333 0.308833 20.63775 127.5 728.352 
0.055333 0.027667 276.6667 0.276667 20.32892 128.5 733.8528 
0.058767 0.029383 293.8333 0.293833 20.05225 129.5 739.3536 
0.069433 0.034717 347.1667 0.347167 19.75842 130.5 744.8544 
0.063367 0.031683 316.8333 0.316833 19.41125 131.5 750.3552 
0.071933 0.035967 359.6667 0.359667 19.09442 132.5 755.856 
0.056367 0.028183 281.8333 0.281833 18.73475 133.5 761.3568 
0.061167 0.030583 305.8333 0.305833 18.45292 134.5 766.8576 
0.053633 0.026817 268.1667 0.268167 18.14708 135.5 772.3584 
0.0588 0.0294 294 0.294 17.87892 136.5 777.8592 
0.064433 0.032217 322.1667 0.322167 17.58492 137.5 783.36 
0.063867 0.031933 319.3333 0.319333 17.26275 138.5 788.8608 
0.065533 0.032767 327.6667 0.327667 16.94342 139.5 794.3616 
0.0691 0.03455 345.5 0.3455 16.61575 140.5 799.8624 
0.060367 0.030183 301.8333 0.301833 16.27025 141.5 805.3632 
0.0701 0.03505 350.5 0.3505 15.96842 142.5 810.864 
0.053767 0.026883 268.8333 0.268833 15.61792 143.5 816.3648 
0.0836 0.0418 418 0.418 15.34908 144.5 821.8656 
0.0708 0.0354 354 0.354 14.93108 145.5 827.3664 
0.070833 0.035417 354.1667 0.354167 14.57708 146.5 832.8672 
0.0505 0.02525 252.5 0.2525 14.22292 147.5 838.368 
0.056433 0.028217 282.1667 0.282167 13.97042 148.5 843.8688 
0.063933 0.031967 319.6667 0.319667 13.68825 149.5 849.3696 
0.067767 0.033883 338.8333 0.338833 13.36858 150.5 854.8704 
0.0542 0.0271 271 0.271 13.02975 151.5 860.3712 
0.053533 0.026767 267.6667 0.267667 12.75875 152.5 982 
0.0412 0.0206 206 0.206 12.49108 153.5 1074 
0.054233 0.027117 271.1667 0.271167 12.28508 154.5 1166 
0.058133 0.029067 290.6667 0.290667 12.01392 155.5 1258 
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0.084 0.042 420 0.42 11.72325 156.5 1350.02 
0.0411 0.02055 205.5 0.2055 11.30325 157.5 1372.723 
0.039333 0.019667 196.6667 0.196667 11.09775 158.5 1395.426 
0.043767 0.021883 218.8333 0.218833 10.90108 159.5 1418.129 
0.050167 0.025083 250.8333 0.250833 10.68225 160.5 1440.832 
0.0498 0.0249 249 0.249 10.43142 161.5 1463.535 
0.048833 0.024417 244.1667 0.244167 10.18242 162.5 1486.238 
0.054067 0.027033 270.3333 0.270333 9.93825 163.5 1508.941 
0.045933 0.022967 229.6667 0.229667 9.667917 164.5 1531.644 
0.044667 0.022333 223.3333 0.223333 9.43825 165.5 1554.347 
0.045967 0.022983 229.8333 0.229833 9.214917 166.5 1577.05 
0.043633 0.021817 218.1667 0.218167 8.985083 167.5 1599.753 
0.0465 0.02325 232.5 0.2325 8.766917 168.5 1622.456 
0.044633 0.022317 223.1667 0.223167 8.534417 169.5 1645.159 
0.043133 0.021567 215.6667 0.215667 8.31125 170.5 1667.862 
0.0433 0.02165 216.5 0.2165 8.095583 171.5 1690.565 
0.0445 0.02225 222.5 0.2225 7.879083 172.5 1713.268 
0.042167 0.021083 210.8333 0.210833 7.656583 173.5 1735.971 
0.045433 0.022717 227.1667 0.227167 7.44575 174.5 1758.674 
0.043233 0.021617 216.1667 0.216167 7.218583 175.5 1781.377 
0.042317 0.021158 211.5833 0.211583 7.002417 176.5 1804.08 
0.0414 0.0207 207 0.207 6.790833 177.5 1826.783 
0.0431 0.02155 215.5 0.2155 6.583833 178.5 1849.486 
0.0432 0.0216 216 0.216 6.368333 179.5 1872.189 
0.043767 0.021883 218.8333 0.218833 6.152333 180.5 1894.892 
0.043367 0.021683 216.8333 0.216833 5.9335 181.5 1917.595 
0.0447 0.02235 223.5 0.2235 5.716667 182.5 1940.298 
0.043167 0.021583 215.8333 0.215833 5.493167 183.5 1963.001 
0.042733 0.021367 213.6667 0.213667 5.277333 184.5 1985.704 
0.040033 0.020017 200.1667 0.200167 5.063667 185.5 2008.407 
0.041367 0.020683 206.8333 0.206833 4.8635 186.5 2031.11 
0.043 0.0215 215 0.215 4.656667 187.5 2053.813 
0.041 0.0205 205 0.205 4.441667 188.5 2076.516 
0.0393 0.01965 196.5 0.1965 4.236667 189.5 2099.219 
0.040433 0.020217 202.1667 0.202167 4.040167 190.5 2121.922 
0.043133 0.021567 215.6667 0.215667 3.838 191.5 2144.625 
0.039533 0.019767 197.6667 0.197667 3.622333 192.5 2167.328 
0.039733 0.019867 198.6667 0.198667 3.424667 193.5 2190.031 
0.039167 0.019583 195.8333 0.195833 3.226 194.5 2212.734 
0.041433 0.020717 207.1667 0.207167 3.030167 195.5 2235.437 
0.0403 0.02015 201.5 0.2015 2.823 196.5 2258.14 
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0.041067 0.020533 205.3333 0.205333 2.6215 197.5 2280.843 
0.039667 0.019833 198.3333 0.198333 2.416167 198.5 2303.546 
0.0372 0.0186 186 0.186 2.217833 199.5 2326.249 
0.0417 0.02085 208.5 0.2085 2.031833 200.5 2348.952 
0.042267 0.021133 211.3333 0.211333 1.823333 201.5 2371.655 
0.039667 0.019833 198.3333 0.198333 1.612 202.5 2394.358 
0.038733 0.019367 193.6667 0.193667 1.413667 203.5 2417.061 
0.042667 0.021333 213.3333 0.213333 1.22 204.5 2439.764 
0.0406 0.0203 203 0.203 1.006667 205.5 2462.467 
0.037667 0.018833 188.3333 0.188333 0.803667 206.5 2485.17 
0.0418 0.0209 209 0.209 0.615333 207.5 2507.873 
0.041233 0.020617 206.1667 0.206167 0.406333 208.5 2530.576 
0.040033 0.020017 200.1667 0.200167 0.200167 209.5 2553.279 
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Appendix II: Data associated with Chapter 2 
Table A.2.1. Complete loss-on-ignition data for 20 cores collected in the peatland portion 
of Fallison Bog. 
Core Depth 
(cm) 
Organic 
(%) 
Rank 
(percentile) 
1 0.5 90.66367 0.289 
1 1.5 92.41071 0.335 
1 2.5 95.41919 0.495 
1 3.5 96.82179 0.672 
1 4.5 97.10669 0.72 
1 5.5 97.45493 0.776 
1 6.5 95.47292 0.5 
1 7.5 93.56913 0.379 
1 8.5 94.52529 0.422 
1 9.5 92.21682 0.329 
1 10.5 95.44211 0.496 
1 11.5 96.52778 0.628 
1 12.5 93.33888 0.367 
1 13.5 91.12689 0.298 
1 14.5 88.36524 0.248 
1 15.5 92.02413 0.325 
1 16.5 84.35171 0.196 
1 17.5 90.61849 0.287 
1 18.5 94.25287 0.409 
1 19.5 92.34899 0.332 
1 20.5 95.40541 0.492 
1 21.5 96.66161 0.642 
1 22.5 97.91438 0.842 
1 23.5 95.94937 0.547 
1 24.5 97.35183 0.763 
1 25.5 95 0.458 
1 26.5 96.26168 0.594 
1 27.5 89.79734 0.271 
1 28.5 95.2381 0.473 
1 29.5 91.60086 0.312 
1 30.5 93.96346 0.392 
1 31.5 94.18327 0.405 
1 32.5 94.24744 0.407 
1 33.5 95.0692 0.461 
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1 34.5 95.81152 0.531 
1 35.5 95.27559 0.478 
1 36.5 93.78069 0.385 
1 37.5 94.71639 0.43 
1 38.5 91.81287 0.315 
1 39.5 88.37754 0.249 
1 40.5 93.64407 0.381 
1 41.5 96.64062 0.641 
1 42.5 94.82038 0.443 
1 43.5 90.21497 0.276 
1 44.5 81.59106 0.166 
1 45.5 91.91829 0.319 
1 46.5 92.17082 0.329 
1 47.5 94.11765 0.402 
1 48.5 96.2845 0.597 
1 49.5 92.37057 0.333 
1 50.5 91.19266 0.3 
1 51.5 96.07458 0.569 
1 52.5 94.95897 0.454 
1 53.5 95.85921 0.537 
1 54.5 94.39834 0.417 
1 55.5 96.52333 0.627 
1 56.5 95.97198 0.553 
1 57.5 95.44236 0.497 
1 58.5 96.02588 0.559 
1 59.5 95.45049 0.499 
1 60.5 97.23247 0.742 
1 61.5 94.9402 0.452 
1 62.5 96.61885 0.637 
1 63.5 95.35354 0.488 
1 64.5 95.37402 0.49 
1 65.5 94.59735 0.423 
1 66.5 96.52266 0.626 
1 67.5 97.87449 0.837 
1 68.5 98.12559 0.873 
1 69.5 97.31682 0.757 
1 70.5 94.75333 0.436 
1 71.5 95.68138 0.515 
1 72.5 96.15385 0.58 
1 73.5 96.79612 0.668 
1 74.5 94.79167 0.44 
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1 75.5 97.75401 0.82 
1 76.5 97.1707 0.728 
1 77.5 96.633 0.639 
1 78.5 96.8432 0.676 
1 79.5 96.5184 0.625 
1 80.5 95.9964 0.558 
1 81.5 92.8007 0.346 
1 82.5 88.6633 0.255 
1 83.5 95.4783 0.501 
1 84.5 96.9624 0.696 
1 85.5 97.9682 0.85 
1 86.5 97.037 0.708 
1 87.5 95.3271 0.483 
1 88.5 93.5065 0.375 
1 89.5 97.2973 0.751 
1 90.5 96.7042 0.651 
1 91.5 96.9257 0.692 
1 92.5 95.8333 0.534 
1 93.5 96.0717 0.567 
1 94.5 95.2153 0.472 
1 95.5 95.6367 0.512 
1 96.5 95.7663 0.527 
1 97.5 93.6364 0.38 
1 98.5 93.4491 0.372 
1 99.5 83.4651 0.185 
2 162.5 96.2787 0.596 
2 164.5 94.04946 0.398 
2 166.5 97.05357 0.71 
2 168.5 97.07047 0.715 
2 170.5 96.4486 0.616 
2 172.5 97.25221 0.745 
2 174.5 94.95798 0.453 
2 176.5 95.02183 0.46 
2 178.5 95.28908 0.481 
2 180.5 97.04492 0.709 
2 182.5 96.29325 0.599 
2 184.5 94.24861 0.408 
2 186.5 88.12915 0.245 
2 188.5 80.24691 0.157 
2 190.5 77.24868 0.135 
2 192.5 77.36411 0.136 
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2 194.5 81.44989 0.165 
2 196.5 91.50849 0.308 
2 198.5 80.73477 0.16 
2 200.5 82.2695 0.175 
2 202.5 82.69868 0.178 
2 204.5 87.11507 0.232 
2 206.5 83.63117 0.186 
2 208.5 82.15339 0.172 
2 210.5 78.47565 0.147 
3 152.5 99.57627 0.983 
3 154.5 97.27346 0.748 
3 156.5 98.11881 0.871 
3 158.5 96.50538 0.623 
3 160.5 96.66667 0.644 
3 162.5 96.91489 0.69 
3 164.5 97.62376 0.798 
3 166.5 95.57439 0.508 
3 168.5 96.17225 0.583 
3 170.5 96.87243 0.685 
3 172.5 97.71272 0.816 
3 174.5 98.10845 0.869 
3 176.5 98.22926 0.883 
3 178.5 98.94403 0.953 
3 180.5 99.45205 0.98 
3 182.5 97.18615 0.732 
3 184.5 97.6431 0.801 
3 186.5 96.62921 0.639 
3 188.5 97.06152 0.711 
3 190.5 94.81567 0.442 
3 192.5 91.97154 0.321 
3 194.5 83.68201 0.187 
3 196.5 81.19304 0.163 
3 198.5 82.84072 0.178 
3 200.5 85.84215 0.211 
4 0.5 97.54434 0.789 
4 1.5 97.63231 0.801 
4 2.5 96.36872 0.606 
4 3.5 97.87928 0.838 
4 4.5 96.18922 0.584 
4 5.5 94.72362 0.432 
4 6.5 96.62921 0.638 
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4 7.5 94.36229 0.415 
4 8.5 93.98585 0.394 
4 9.5 94.20161 0.406 
4 10.5 96.46739 0.62 
4 11.5 96.43629 0.616 
4 12.5 91.87192 0.317 
4 13.5 93.13622 0.355 
4 14.5 89.36319 0.265 
4 15.5 88.51351 0.252 
4 16.5 83.36902 0.183 
4 17.5 91.20975 0.301 
4 18.5 94.79957 0.441 
4 19.5 96.69239 0.648 
4 20.5 97.21886 0.74 
4 21.5 95.74015 0.523 
4 22.5 94.75983 0.438 
4 23.5 95.28403 0.48 
4 24.5 95.14884 0.466 
4 25.5 96.33448 0.602 
4 26.5 91.93977 0.32 
4 27.5 96.78988 0.665 
4 28.5 96.79204 0.666 
4 29.5 96.76409 0.663 
4 30.5 94.81216 0.441 
4 31.5 96.51475 0.624 
4 32.5 95.49296 0.503 
4 33.5 96.5812 0.633 
4 34.5 97.67442 0.807 
4 35.5 97.8 0.827 
4 36.5 97.23225 0.742 
4 37.5 96.75889 0.661 
4 38.5 97.23127 0.741 
4 39.5 95.4947 0.503 
4 40.5 96.52582 0.627 
4 41.5 94.98408 0.456 
4 42.5 92.7572 0.344 
4 43.5 93.14858 0.357 
4 44.5 94.76606 0.438 
4 45.5 95.38951 0.491 
4 46.5 96.61621 0.636 
4 47.5 97.21254 0.739 
197 
 
4 48.5 95.31532 0.483 
4 49.5 90.50815 0.282 
4 50.5 88.014 0.243 
4 51.5 91.87605 0.317 
4 52.5 96.31218 0.6 
4 53.5 93.56522 0.378 
4 54.5 92.44186 0.337 
4 55.5 94.72789 0.433 
4 56.5 96.49446 0.622 
4 57.5 94.57831 0.423 
4 58.5 94.04187 0.397 
4 59.5 94.375 0.416 
4 60.5 96.16162 0.582 
4 61.5 95.79158 0.529 
4 62.5 98.40226 0.907 
4 63.5 97.57225 0.792 
4 64.5 97.54011 0.787 
4 65.5 94.28571 0.411 
4 66.5 95.34884 0.486 
4 67.5 95.44534 0.498 
4 68.5 97.26316 0.747 
4 69.5 96.24746 0.591 
4 70.5 96.93627 0.693 
4 71.5 96.46018 0.618 
4 72.5 98.15456 0.876 
4 73.5 98.34495 0.896 
4 74.5 97.81897 0.83 
4 75.5 98.85605 0.945 
4 76.5 97.83427 0.833 
4 77.5 96.69565 0.65 
4 78.5 96.81742 0.671 
4 79.5 96.87771 0.685 
4 80.5 98.97377 0.957 
4 81.5 97.65458 0.804 
4 82.5 98.274 0.889 
4 83.5 96.66667 0.644 
4 84.5 97.5 0.783 
4 85.5 95.58233 0.509 
4 86.5 94.87179 0.447 
4 87.5 96.70543 0.652 
4 88.5 98.1336 0.874 
198 
 
4 89.5 97.67442 0.807 
4 90.5 97.38933 0.771 
4 91.5 95.50562 0.504 
4 92.5 95.09018 0.462 
4 93.5 97.52577 0.786 
4 94.5 97.1875 0.732 
4 95.5 98.21074 0.88 
4 96.5 98.41939 0.91 
4 97.5 98.35212 0.898 
4 98.5 97.25686 0.746 
4 99.5 97.64508 0.802 
4 100.5 95.7189 0.519 
4 101.5 95.93625 0.546 
4 102.5 98.97331 0.957 
4 103.5 99.16279 0.968 
4 104.5 97.8125 0.829 
4 105.5 98.92704 0.951 
4 106.5 98.08126 0.866 
4 107.5 98.57513 0.928 
4 108.5 97.06349 0.712 
4 109.5 96.27451 0.595 
4 110.5 96.9697 0.697 
4 111.5 96.96078 0.695 
4 112.5 88.17408 0.247 
4 113.5 98.54749 0.927 
4 114.5 98.10247 0.868 
4 115.5 98.3209 0.895 
4 116.5 96.66349 0.643 
4 117.5 98.8075 0.943 
4 118.5 96.94737 0.695 
4 119.5 98.13607 0.875 
4 120.5 94.6798 0.427 
4 121.5 98.01255 0.859 
4 122.5 97.91252 0.842 
4 123.5 97.3001 0.752 
4 124.5 96.20253 0.587 
4 125.5 98.53944 0.925 
4 126.5 98.21958 0.882 
4 127.5 97.18593 0.731 
4 128.5 98.49013 0.922 
4 129.5 98.41102 0.908 
199 
 
4 130.5 97.45455 0.775 
4 131.5 98.44444 0.915 
4 132.5 98.44444 0.915 
4 133.5 97.88484 0.839 
4 134.5 97.46988 0.778 
4 135.5 97.81962 0.831 
4 136.5 94.98495 0.457 
4 137.5 98.10945 0.87 
4 138.5 98.39633 0.905 
4 139.5 98.40256 0.908 
4 140.5 98.0025 0.857 
4 141.5 97.41282 0.773 
4 142.5 98.19005 0.878 
4 143.5 97.10551 0.719 
4 144.5 97.46835 0.778 
4 145.5 97.60589 0.796 
4 146.5 98.61259 0.93 
4 147.5 96.2572 0.592 
4 148.5 94.68085 0.427 
4 149.5 95.85153 0.535 
4 150.5 99.66887 0.984 
4 151.5 97.03633 0.707 
4 152.5 93.52142 0.377 
4 153.5 93.8061 0.385 
4 154.5 97.1029 0.718 
4 155.5 95.63153 0.511 
4 156.5 95.88745 0.539 
4 157.5 96.59224 0.634 
4 158.5 98.71658 0.937 
4 159.5 97.67442 0.808 
4 160.5 97.69484 0.813 
4 161.5 93.32698 0.366 
4 162.5 91.98276 0.322 
4 163.5 95.98796 0.555 
4 164.5 95.50679 0.504 
4 165.5 98.61849 0.931 
4 166.5 97.94989 0.846 
4 167.5 97.78247 0.823 
4 168.5 98.96907 0.955 
4 169.5 98.27214 0.888 
4 170.5 96.29187 0.598 
200 
 
4 171.5 99.26004 0.972 
4 172.5 96.98545 0.7 
4 173.5 97.69319 0.813 
4 174.5 95.85297 0.536 
4 175.5 95.82864 0.533 
4 176.5 95.996 0.557 
4 177.5 97.80942 0.829 
4 178.5 97.5435 0.788 
4 179.5 97.11155 0.721 
4 180.5 97.11221 0.721 
4 181.5 97.04944 0.71 
4 182.5 95.87357 0.538 
4 183.5 97.92231 0.843 
4 184.5 97.73913 0.819 
4 185.5 97.64706 0.803 
4 186.5 97.8185 0.83 
4 187.5 97.32577 0.759 
4 188.5 97.28507 0.749 
4 189.5 96.54018 0.63 
4 190.5 93.92202 0.39 
4 191.5 95.41089 0.493 
4 192.5 96.39831 0.611 
4 193.5 95.97701 0.554 
4 194.5 96.8444 0.677 
4 195.5 98.82237 0.944 
4 196.5 95.35104 0.487 
4 197.5 96.05505 0.566 
4 198.5 96.87213 0.684 
4 199.5 94.92754 0.45 
4 200.5 90.32558 0.277 
4 201.5 92.73798 0.343 
4 202.5 93.50785 0.376 
4 203.5 93.17739 0.359 
4 204.5 94.61787 0.424 
4 205.5 94.96403 0.454 
4 206.5 94.86339 0.446 
4 207.5 93.49398 0.373 
4 208.5 88.91089 0.259 
4 209.5 95.54348 0.506 
4 210.5 88.50788 0.252 
4 211.5 85.18173 0.203 
201 
 
4 212.5 87.82863 0.24 
4 213.5 91.02564 0.297 
4 214.5 90.5232 0.282 
4 215.5 87.58465 0.239 
4 216.5 86.01156 0.213 
4 217.5 86.32856 0.217 
4 218.5 83.78076 0.189 
4 219.5 80 0.155 
4 220.5 82.48175 0.176 
4 221.5 83.87396 0.19 
4 222.5 83.71455 0.188 
4 223.5 86.50943 0.222 
4 224.5 88.1495 0.246 
4 225.5 86.96 0.23 
4 226.5 86.96445 0.231 
4 227.5 87.41667 0.236 
4 228.5 88.92617 0.259 
4 229.5 89.47368 0.266 
4 230.5 88.92819 0.26 
4 231.5 88.38269 0.25 
4 232.5 83.85965 0.189 
4 233.5 83.09071 0.179 
4 234.5 84.06863 0.193 
4 235.5 82.59861 0.177 
4 236.5 78.0303 0.141 
4 237.5 77.00312 0.132 
4 238.5 75.99558 0.121 
4 239.5 75.93097 0.12 
4 240.5 72.17235 0.094 
4 241.5 73.95389 0.105 
4 242.5 75.18051 0.113 
4 243.5 84.17722 0.194 
4 244.5 72.86751 0.099 
4 245.5 89.33333 0.264 
4 246.5 91.47541 0.308 
4 247.5 90.57971 0.285 
4 248.5 91.52381 0.309 
4 249.5 91.47287 0.307 
4 250.5 85.01249 0.2 
4 251.5 86.94517 0.229 
4 252.5 79.4829 0.151 
202 
 
4 253.5 85.36364 0.205 
4 254.5 76.4292 0.126 
4 255.5 74.44121 0.108 
4 256.5 71.37255 0.091 
4 257.5 72.93233 0.1 
4 258.5 64.65863 0.065 
4 259.5 67.38568 0.075 
4 260.5 65.62021 0.068 
4 261.5 69.08797 0.08 
4 262.5 71.23719 0.09 
4 263.5 72.7349 0.098 
4 264.5 74.90802 0.111 
4 265.5 75.26882 0.115 
4 266.5 73.33894 0.101 
4 267.5 76.21071 0.122 
4 268.5 82.64059 0.177 
4 269.5 78.10488 0.143 
4 270.5 69.69697 0.084 
4 271.5 72.70059 0.098 
4 272.5 52.07775 0.035 
4 273.5 58.89423 0.044 
4 274.5 52.70691 0.036 
4 275.5 50.09881 0.033 
4 276.5 57.20263 0.041 
4 277.5 47.53405 0.028 
4 278.5 47.77618 0.029 
4 279.5 49.79424 0.033 
4 280.5 46.46925 0.026 
4 281.5 37.1227 0.013 
4 282.5 56.33211 0.04 
4 283.5 63.42649 0.058 
4 284.5 66.25874 0.07 
4 285.5 61.28118 0.051 
4 286.5 56.36364 0.04 
4 287.5 56.93359 0.041 
4 288.5 47.20177 0.028 
4 289.5 50.6462 0.034 
4 290.5 46.74374 0.027 
4 291.5 40.1927 0.017 
4 292.5 41.413 0.019 
4 293.5 45.48094 0.025 
203 
 
4 294.5 43.21799 0.021 
4 295.5 43.42644 0.022 
4 296.5 24.85273 0.009 
4 297.5 20.72591 0.006 
4 298.5 24.61377 0.008 
4 299.5 9.269134 0 
4 300.5 9.910507 0.001 
4 301.5 13.13072 0.002 
5 158.5 97.9845 0.854 
5 160.5 98.28629 0.89 
5 162.5 98.37563 0.902 
5 164.5 94.87437 0.447 
5 166.5 96.0199 0.559 
5 168.5 96.89507 0.686 
5 170.5 97.25118 0.744 
5 172.5 97.31481 0.756 
5 174.5 97.29437 0.75 
5 176.5 96.91076 0.689 
5 178.5 97.45665 0.776 
5 180.5 99.3228 0.976 
5 182.5 96.69312 0.648 
5 184.5 96.15385 0.58 
5 186.5 96.81725 0.671 
5 188.5 95.82876 0.533 
5 190.5 89.81132 0.272 
5 192.5 97.86765 0.836 
5 194.5 94.39834 0.417 
5 196.5 95.76008 0.526 
5 198.5 97.47513 0.779 
5 200.5 94.85095 0.445 
5 202.5 94.71545 0.43 
5 204.5 84.46602 0.196 
5 206.5 84.1983 0.195 
5 208.5 83.70968 0.188 
5 210.5 88.00872 0.242 
5 212.5 81.73516 0.167 
5 214.5 81.86992 0.169 
5 216.5 81.55405 0.165 
5 218.5 80.72112 0.16 
6 260.5 97.95918 0.848 
6 262.5 97.1374 0.724 
204 
 
6 264.5 95.51056 0.505 
6 266.5 96.67616 0.646 
6 268.5 96.44922 0.617 
6 270.5 97.78516 0.824 
6 272.5 96.70425 0.652 
6 274.5 93.89251 0.389 
6 276.5 97.02878 0.707 
6 278.5 86.89956 0.228 
6 280.5 97.01771 0.705 
6 282.5 96.28217 0.596 
6 284.5 96.03448 0.564 
6 286.5 97.66277 0.804 
6 288.5 96.37599 0.608 
6 290.5 97.34325 0.761 
6 292.5 96.39469 0.611 
6 294.5 93.90364 0.389 
6 296.5 93.47826 0.372 
6 298.5 95.34643 0.486 
6 300.5 93.50649 0.375 
6 302.5 93.2092 0.36 
6 304.5 94.72503 0.432 
6 306.5 95.8951 0.54 
6 308.5 93.24943 0.361 
6 310.5 91.20151 0.301 
6 312.5 80.68903 0.159 
6 314.5 85.70128 0.209 
6 316.5 83.37875 0.184 
6 318.5 80.91371 0.161 
6 320.5 77.0918 0.133 
6 322.5 85.01946 0.201 
6 324.5 86.15949 0.214 
6 326.5 81.75573 0.167 
6 328.5 81.11209 0.163 
6 330.5 80.4265 0.158 
6 332.5 83.1405 0.18 
6 334.5 85.98223 0.213 
6 336.5 77.1875 0.134 
6 338.5 75.91912 0.119 
6 340.5 76.6129 0.129 
6 342.5 78.17869 0.144 
6 344.5 77.44511 0.138 
205 
 
6 346.5 81.93315 0.17 
6 348.5 76.97139 0.132 
7 330.5 95.4844 0.501 
7 332.5 96.77033 0.664 
7 334.5 96.51685 0.625 
7 336.5 97.89916 0.841 
7 338.5 97.51491 0.784 
7 340.5 98.56115 0.927 
7 342.5 95.56886 0.507 
7 344.5 96.48594 0.622 
7 346.5 95.16854 0.467 
7 348.5 96.02955 0.562 
7 350.5 95.65217 0.514 
7 352.5 95.99237 0.557 
7 354.5 96.01113 0.558 
7 356.5 97.38095 0.769 
7 358.5 96.07635 0.569 
7 360.5 94.92574 0.45 
7 362.5 94.71649 0.431 
7 364.5 96.42482 0.613 
7 366.5 90.65534 0.289 
7 368.5 82.19697 0.173 
7 370.5 78.90547 0.149 
7 372.5 78.13212 0.144 
7 374.5 78.478 0.147 
7 376.5 77.35399 0.135 
7 378.5 78.57143 0.148 
8 350.5 97.48879 0.78 
8 352.5 99.16974 0.969 
8 354.5 98.34862 0.897 
8 356.5 98.95833 0.954 
8 358.5 96.52946 0.628 
8 360.5 98.30867 0.893 
8 362.5 96.9917 0.701 
8 364.5 99.02048 0.96 
8 366.5 97.78002 0.823 
8 368.5 97.87627 0.838 
8 370.5 94.26322 0.409 
8 372.5 95.17154 0.469 
8 374.5 95.12472 0.465 
8 376.5 93.40055 0.369 
206 
 
8 378.5 89.71554 0.27 
8 380.5 88.53591 0.253 
8 382.5 84.34343 0.195 
8 384.5 80.02392 0.155 
8 386.5 82.36131 0.175 
8 388.5 77.35849 0.136 
8 390.5 77.74194 0.14 
8 392.5 80.05181 0.156 
8 394.5 62.87817 0.055 
8 396.5 76.82776 0.13 
8 398.5 76.88787 0.131 
9 0.5 97.30061 0.752 
9 1.5 98.16032 0.877 
9 2.5 97.76833 0.821 
9 3.5 97.81991 0.832 
9 4.5 96.51996 0.626 
9 5.5 97.13867 0.725 
9 6.5 97.75739 0.821 
9 7.5 97.37742 0.768 
9 8.5 98.15016 0.876 
9 9.5 97.64574 0.802 
9 10.5 95.21158 0.471 
9 11.5 96.2963 0.6 
9 12.5 93.67978 0.382 
9 13.5 94.7494 0.436 
9 14.5 92.94513 0.35 
9 15.5 93.91026 0.39 
9 16.5 90.98532 0.296 
9 17.5 90.07021 0.274 
9 18.5 94.07979 0.4 
9 19.5 95.82929 0.534 
9 20.5 96.15754 0.581 
9 21.5 95.64719 0.513 
9 22.5 92.05703 0.325 
9 23.5 85.12315 0.202 
9 24.5 86.29679 0.217 
9 25.5 85.58888 0.208 
9 26.5 93.99696 0.396 
9 27.5 93.63184 0.38 
9 28.5 90.22298 0.277 
9 29.5 94.07484 0.398 
207 
 
9 30.5 94.67519 0.426 
9 31.5 95.76883 0.528 
9 32.5 94.32558 0.414 
9 33.5 92.51055 0.338 
9 34.5 94.70945 0.429 
9 35.5 95.26627 0.477 
9 36.5 96.1039 0.572 
9 37.5 95.15625 0.466 
9 38.5 96.43221 0.615 
9 39.5 99.22907 0.971 
9 40.5 98.35916 0.9 
9 41.5 98.50075 0.922 
9 42.5 98.46336 0.918 
9 43.5 97.75281 0.82 
9 44.5 93.50329 0.374 
9 45.5 93.16479 0.357 
9 46.5 94.16591 0.405 
9 47.5 93.43137 0.37 
9 48.5 92.68293 0.34 
9 49.5 91.24088 0.302 
9 50.5 91.38199 0.307 
9 51.5 92.96081 0.351 
9 52.5 93.81818 0.386 
9 53.5 96.14004 0.577 
9 54.5 95.97523 0.554 
9 55.5 97.93814 0.845 
9 56.5 95.91489 0.542 
9 57.5 91.90809 0.319 
9 58.5 84.78039 0.199 
9 59.5 78.27352 0.145 
9 60.5 85.31278 0.204 
9 61.5 86.39104 0.219 
9 62.5 90.48051 0.281 
9 63.5 85.49411 0.206 
9 64.5 86.35945 0.219 
9 65.5 86.25107 0.216 
9 66.5 86.51772 0.222 
9 67.5 86.25356 0.216 
9 68.5 88.13936 0.246 
9 69.5 92.44792 0.338 
9 70.5 97.31127 0.755 
208 
 
9 71.5 96.78198 0.664 
9 72.5 96.93795 0.694 
9 73.5 96.21499 0.588 
9 74.5 97.82446 0.832 
9 75.5 98.25784 0.888 
9 76.5 97.10145 0.717 
9 77.5 97.99043 0.855 
9 78.5 99.07493 0.964 
9 79.5 98.6722 0.935 
9 80.5 98.72832 0.939 
9 81.5 97.62376 0.799 
9 82.5 98.21606 0.881 
9 83.5 97.67442 0.807 
9 84.5 97.35234 0.764 
9 85.5 97.97048 0.851 
9 86.5 97.68271 0.809 
9 87.5 97.29437 0.75 
9 88.5 97.96651 0.849 
9 89.5 98.34711 0.897 
9 90.5 97.4182 0.774 
9 91.5 100 0.99 
9 92.5 97.9684 0.85 
9 93.5 98.6726 0.935 
9 94.5 97.133 0.722 
9 95.5 98.3051 0.892 
9 96.5 97.8597 0.835 
9 97.5 97.604 0.795 
9 98.5 97.2422 0.743 
9 99.5 98.855 0.945 
9 100.5 98.6541 0.933 
9 101.5 98.8975 0.947 
9 102.5 97.7384 0.818 
9 103.5 98.0838 0.866 
9 104.5 98.8802 0.947 
9 105.5 97.6105 0.797 
9 106.5 100 0.99 
9 107.5 99.708 0.985 
9 108.5 98.6198 0.932 
9 109.5 98.4649 0.919 
9 110.5 98.9091 0.95 
9 111.5 98.069 0.865 
209 
 
9 112.5 98.2527 0.886 
9 113.5 97.6067 0.796 
9 114.5 98.8764 0.946 
9 115.5 98.646 0.933 
9 116.5 98.2456 0.884 
9 117.5 96.1538 0.579 
9 118.5 95.8042 0.53 
9 119.5 98.7315 0.94 
9 120.5 98.2497 0.885 
9 121.5 98.2527 0.886 
9 122.5 99.1001 0.965 
9 123.5 99 0.959 
9 124.5 98.3204 0.894 
9 125.5 99.4069 0.979 
9 126.5 98.8996 0.948 
9 127.5 97.3563 0.766 
9 128.5 98.9403 0.952 
9 129.5 99.3075 0.975 
9 130.5 98.9305 0.951 
9 131.5 97.5336 0.786 
9 132.5 97.1084 0.72 
9 133.5 97.9583 0.847 
9 134.5 98.8081 0.944 
9 135.5 99.8592 0.986 
9 136.5 98.3979 0.906 
9 137.5 98.8024 0.942 
9 138.5 98.4716 0.92 
9 139.5 99.3197 0.975 
9 140.5 97.2037 0.736 
9 141.5 97.697 0.814 
9 142.5 98.9754 0.958 
9 143.5 95.2462 0.474 
9 144.5 96.7606 0.661 
9 145.5 96.8463 0.678 
9 146.5 95.9583 0.55 
9 147.5 98.4424 0.914 
9 148.5 98.331 0.895 
9 149.5 99.045 0.962 
9 150.5 99.1173 0.966 
9 151.5 96.6921 0.647 
9 152.5 99.4056 0.979 
210 
 
9 153.5 98.1111 0.87 
9 154.5 97.8856 0.84 
9 155.5 97.7865 0.825 
9 156.5 98.4308 0.913 
9 157.5 98.1651 0.877 
9 158.5 97.3214 0.758 
9 159.5 99.8563 0.986 
9 160.5 100 0.99 
9 161.5 100 0.99 
9 162.5 98.3871 0.904 
9 163.5 97.3875 0.77 
9 164.5 95.6826 0.516 
9 165.5 91.9886 0.323 
9 166.5 93.9925 0.395 
9 167.5 95.443 0.497 
9 168.5 97.1233 0.722 
9 169.5 96.9388 0.694 
9 170.5 97.6893 0.811 
9 171.5 96.4981 0.623 
9 172.5 98.3911 0.905 
9 173.5 98.4524 0.916 
9 174.5 99.1133 0.965 
9 175.5 98.4699 0.919 
9 176.5 96.7403 0.659 
9 177.5 97.6891 0.811 
9 178.5 97.7025 0.815 
9 179.5 97.973 0.852 
9 180.5 97.8923 0.84 
9 181.5 99.3846 0.977 
9 182.5 98.5946 0.929 
9 183.5 97.3472 0.763 
9 184.5 96.3705 0.607 
9 185.5 95.9635 0.552 
9 186.5 95.4847 0.502 
9 187.5 95.8122 0.532 
9 188.5 97.2569 0.746 
9 189.5 96.7033 0.651 
9 190.5 95.8486 0.535 
9 191.5 94.075 0.399 
9 192.5 97.365 0.767 
9 193.5 97.5207 0.785 
211 
 
9 194.5 98.3834 0.903 
9 195.5 98.2928 0.892 
9 196.5 98.2022 0.879 
9 197.5 96.0452 0.565 
9 198.5 97.379 0.769 
9 199.5 97.1883 0.733 
9 200.5 97.931 0.845 
9 201.5 99.0345 0.961 
9 202.5 98.3819 0.903 
9 203.5 99.8742 0.988 
9 204.5 96.8379 0.673 
9 205.5 97.191 0.734 
9 206.5 97.551 0.79 
9 207.5 98.4216 0.911 
9 208.5 97.556 0.79 
9 209.5 98.9329 0.952 
9 210.5 96.8468 0.678 
9 211.5 97.4922 0.782 
9 212.5 97.0464 0.709 
9 213.5 96.7438 0.659 
9 214.5 99.8739 0.987 
9 215.5 97.3558 0.765 
9 216.5 97.5467 0.789 
9 217.5 97.7797 0.822 
9 218.5 99.3739 0.977 
9 219.5 100 0.99 
9 220.5 98.1195 0.872 
9 221.5 98.4432 0.915 
9 222.5 98.045 0.863 
9 223.5 98.1437 0.875 
9 224.5 97.7935 0.826 
9 225.5 96.2607 0.593 
9 226.5 98.5251 0.924 
9 227.5 97.8723 0.836 
9 228.5 96.3878 0.61 
9 229.5 93.0446 0.354 
9 230.5 94.0968 0.401 
9 231.5 99.5104 0.981 
9 232.5 96.8668 0.682 
9 233.5 97.6838 0.81 
9 234.5 96.9918 0.702 
212 
 
9 235.5 97.8652 0.835 
9 236.5 95.4499 0.498 
9 237.5 96.3357 0.603 
9 238.5 95.1094 0.463 
9 239.5 96.1249 0.575 
9 240.5 99.9038 0.989 
9 241.5 96.0883 0.571 
9 242.5 96.9613 0.696 
9 243.5 99.2381 0.971 
9 244.5 97.665 0.805 
9 245.5 96.3696 0.607 
9 246.5 98.5836 0.929 
9 247.5 97.6852 0.81 
9 248.5 96.8347 0.672 
9 249.5 94.7307 0.433 
9 250.5 96.1186 0.573 
9 251.5 98.431 0.913 
9 252.5 98.3156 0.894 
9 253.5 98.4704 0.92 
9 254.5 97.8351 0.834 
9 255.5 99.0079 0.959 
9 256.5 96.3724 0.608 
9 257.5 96.9732 0.698 
9 258.5 97.995 0.856 
9 259.5 97.8036 0.827 
9 260.5 96.5599 0.632 
9 261.5 96.0832 0.57 
9 262.5 96.9967 0.702 
9 263.5 99.116 0.966 
9 264.5 96.8447 0.677 
9 265.5 100 0.99 
9 266.5 99.7745 0.985 
9 267.5 98.2857 0.89 
9 268.5 98.97864 0.958 
9 269.5 97.72727 0.817 
9 270.5 98.36568 0.901 
9 271.5 97.09677 0.716 
9 272.5 98.43225 0.914 
9 273.5 99.13876 0.967 
9 274.5 96.42458 0.613 
9 275.5 96.45626 0.617 
213 
 
9 276.5 97.70115 0.815 
9 277.5 98.9726 0.955 
9 278.5 98.91304 0.95 
9 279.5 99.38525 0.978 
9 280.5 98.0063 0.858 
9 281.5 99.05858 0.963 
9 282.5 95.42645 0.495 
9 283.5 96.59715 0.634 
9 284.5 100 0.99 
9 285.5 99.57401 0.983 
9 286.5 99.88839 0.988 
9 287.5 95.25817 0.476 
9 288.5 96.71202 0.654 
9 289.5 93.39901 0.368 
9 290.5 94.79167 0.44 
9 291.5 95.93496 0.545 
9 292.5 98.47328 0.921 
9 293.5 98.28641 0.891 
9 294.5 98.10568 0.869 
9 295.5 97.2073 0.737 
9 296.5 97.06806 0.714 
9 297.5 98.57923 0.928 
9 298.5 97.79482 0.826 
9 299.5 97.30435 0.753 
9 300.5 97.14286 0.726 
9 301.5 98.4016 0.907 
9 302.5 99.24691 0.972 
9 303.5 98.95105 0.954 
9 304.5 95.94907 0.547 
9 305.5 98.90611 0.949 
9 306.5 99.54995 0.982 
9 307.5 96.99812 0.703 
9 308.5 99.1755 0.969 
9 309.5 99.20635 0.97 
9 310.5 98.34951 0.898 
9 311.5 98.33926 0.896 
9 312.5 97.67171 0.806 
9 313.5 100 0.99 
9 314.5 98.35271 0.899 
9 315.5 99.32171 0.976 
9 316.5 97.1368 0.723 
214 
 
9 317.5 93.51184 0.376 
9 318.5 95.41485 0.494 
9 319.5 96.05142 0.566 
9 320.5 95.96083 0.551 
9 321.5 96.42857 0.614 
9 322.5 95.21277 0.472 
9 323.5 97.39524 0.772 
9 324.5 95.86777 0.538 
9 325.5 96.73591 0.658 
9 326.5 96.72006 0.654 
9 327.5 93.75 0.384 
9 328.5 97.6915 0.812 
9 329.5 98.47909 0.921 
9 330.5 98.23529 0.883 
9 331.5 97.31472 0.755 
9 332.5 97.64706 0.803 
9 333.5 97.34513 0.762 
9 334.5 98 0.857 
9 335.5 96.63978 0.641 
9 336.5 97.25576 0.745 
9 337.5 97.17647 0.729 
9 338.5 96.69967 0.65 
9 340.5 96.83878 0.673 
9 342.5 96.66667 0.645 
9 344.5 95.75812 0.525 
9 346.5 92.41706 0.336 
9 348.5 88 0.242 
9 350.5 98.07475 0.865 
9 352.5 98.65672 0.934 
9 354.5 97.62583 0.8 
9 356.5 96.53415 0.629 
9 358.5 95.65217 0.513 
9 360.5 97.56987 0.792 
9 362.5 98.80174 0.941 
9 364.5 98.45645 0.917 
9 366.5 96.92308 0.691 
9 368.5 94.38596 0.416 
9 370.5 98.72747 0.939 
9 372.5 98.36601 0.901 
9 374.5 97.3173 0.757 
9 376.5 96.06792 0.567 
215 
 
9 378.5 98.12139 0.872 
9 380.5 97.9415 0.846 
9 382.5 99.27993 0.973 
9 384.5 97.5052 0.784 
9 386.5 99.02643 0.961 
9 388.5 97.49104 0.781 
9 392.5 93.27549 0.362 
9 394.5 93.54207 0.378 
9 396.5 90.64327 0.288 
9 398.5 93.47826 0.373 
9 400.5 92.90241 0.349 
9 402.5 97.22222 0.741 
9 404.5 96.99158 0.701 
9 406.5 95.25641 0.475 
9 408.5 96.21318 0.588 
9 410.5 96.36076 0.605 
9 412.5 98.54015 0.926 
9 414.5 96.75393 0.66 
9 416.5 98.09297 0.867 
9 418.5 94.9095 0.449 
9 422.5 92.72503 0.342 
9 424.5 86.6941 0.226 
9 426.5 83.22412 0.182 
9 428.5 86.17886 0.215 
9 430.5 81.66667 0.166 
9 432.5 79.51031 0.152 
9 434.5 85.5 0.207 
10 210.5 98.05616 0.864 
10 212.5 98.54097 0.926 
10 214.5 97.84908 0.834 
10 216.5 97.15719 0.728 
10 218.5 97.83198 0.833 
10 220.5 97.13376 0.723 
10 222.5 98.12207 0.873 
10 224.5 98.4127 0.909 
10 226.5 96.53285 0.629 
10 228.5 98.38473 0.904 
10 230.5 98.90261 0.948 
10 232.5 98.41521 0.909 
10 234.5 97.97571 0.852 
10 238.5 99.26579 0.973 
216 
 
10 242.5 99.65278 0.984 
10 244.5 100 0.99 
10 248.5 97.35744 0.766 
10 250.5 97.31114 0.754 
10 252.5 97.15026 0.727 
10 254.5 98.2069 0.879 
10 256.5 95.76642 0.527 
10 258.5 94.73684 0.434 
10 260.5 96.70659 0.653 
10 262.5 96.89055 0.686 
10 266.5 98.7013 0.936 
10 268.5 98.72611 0.938 
10 270.5 96.92533 0.691 
10 272.5 96.97479 0.699 
10 276.5 96.12572 0.576 
10 278.5 95.27665 0.479 
10 285.5 94.07616 0.4 
10 295.5 94.75465 0.437 
10 305.5 94.48276 0.421 
10 315.5 91.54472 0.31 
10 325.5 92.08633 0.327 
10 335.5 89.29825 0.264 
10 345.5 85.09532 0.202 
10 355.5 85.59871 0.209 
10 365.5 83.89155 0.191 
10 375.5 81.01695 0.162 
10 385.5 78.08442 0.142 
10 395.5 73.91931 0.104 
10 405.5 70.44776 0.088 
10 415.5 69.23077 0.08 
10 425.5 69.62751 0.083 
10 435.5 67.22925 0.074 
10 445.5 65.84022 0.069 
11 78.5 96.79487 0.667 
11 79.5 96.67519 0.645 
11 80.5 96.10231 0.572 
11 81.5 94.93151 0.451 
11 82.5 96.14922 0.579 
11 83.5 94.82565 0.445 
11 84.5 96.38989 0.61 
11 85.5 95.9 0.54 
217 
 
11 86.5 94.77612 0.439 
11 87.5 95.29915 0.482 
11 88.5 93.34416 0.367 
11 89.5 93.20113 0.359 
11 90.5 93.28449 0.364 
11 91.5 90.98501 0.296 
11 92.5 88.68552 0.255 
11 93.5 88.07631 0.244 
11 94.5 90.90909 0.292 
11 95.5 93.11295 0.355 
11 96.5 92.79412 0.346 
11 97.5 88.55326 0.254 
11 98.5 86.67712 0.225 
11 99.5 86.49469 0.221 
11 100.5 85.83333 0.211 
11 101.5 86.6087 0.223 
11 102.5 76.58321 0.128 
11 103.5 83.66718 0.186 
11 104.5 84.61538 0.198 
11 105.5 85.55708 0.207 
11 106.5 84.73684 0.198 
11 107.5 84.04255 0.192 
11 108.5 86.89548 0.228 
11 109.5 83.45021 0.184 
11 110.5 86.68516 0.226 
11 111.5 87.5188 0.237 
11 112.5 87.28324 0.234 
11 113.5 87.23748 0.233 
11 114.5 86.64643 0.224 
11 115.5 86.4215 0.221 
11 116.5 87.3297 0.235 
11 117.5 86.95652 0.229 
11 118.5 87.01657 0.232 
11 119.5 85.81871 0.21 
11 120.5 86.74189 0.227 
11 121.5 86.95652 0.23 
11 122.5 88.47403 0.251 
11 123.5 85.39741 0.205 
12 100.5 96.57444 0.633 
12 101.5 95.40373 0.491 
12 102.5 96.96641 0.697 
218 
 
12 103.5 93.43318 0.37 
12 104.5 96.18529 0.584 
12 105.5 97.48428 0.779 
12 106.5 98.72611 0.938 
12 107.5 96.87055 0.683 
12 108.5 97.7058 0.816 
12 109.5 99.02235 0.96 
12 110.5 98.94875 0.953 
12 111.5 98.03922 0.861 
12 112.5 98.42407 0.911 
12 113.5 98.80734 0.942 
12 114.5 98.37905 0.902 
12 115.5 99.38776 0.978 
12 116.5 97.29965 0.751 
12 117.5 97.01493 0.705 
12 118.5 96.97297 0.698 
12 119.5 97.1831 0.73 
12 120.5 94.32314 0.413 
12 121.5 95.72837 0.52 
12 122.5 94.53197 0.422 
12 123.5 94.28251 0.411 
12 124.5 92.42054 0.336 
12 125.5 91.2527 0.303 
12 126.5 88.41991 0.251 
12 127.5 93.86733 0.388 
12 128.5 94.43038 0.42 
12 129.5 94.95614 0.453 
12 130.5 95.36585 0.489 
12 131.5 94.63087 0.425 
12 132.5 92.61993 0.339 
12 133.5 90.15873 0.276 
12 134.5 89.04321 0.261 
12 135.5 92.05882 0.326 
12 136.5 90.61033 0.286 
12 137.5 91.33425 0.305 
12 138.5 91.97861 0.322 
12 139.5 91.90341 0.318 
12 140.5 92.64498 0.34 
12 141.5 91.22581 0.302 
12 142.5 92.98013 0.352 
12 143.5 90.96386 0.295 
219 
 
12 144.5 91.12344 0.298 
12 145.5 89.83516 0.272 
12 146.5 90.39474 0.279 
12 147.5 91.16022 0.3 
12 148.5 90.62918 0.288 
13 161.5 99.48613 0.98 
13 162.5 99.15074 0.967 
13 163.5 99.89362 0.989 
13 164.5 99.18605 0.97 
13 165.5 100 0.99 
13 166.5 100 0.99 
13 167.5 100 0.99 
13 168.5 100 0.99 
13 169.5 100 0.99 
13 170.5 97.57869 0.794 
13 171.5 99.29078 0.974 
13 172.5 99.06166 0.964 
13 173.5 100 0.99 
13 174.5 100 0.99 
13 175.5 100 0.99 
13 176.5 100 0.99 
13 177.5 97.97639 0.853 
13 178.5 99.06103 0.963 
13 179.5 97.92388 0.844 
13 180.5 97.18519 0.73 
13 181.5 89.45578 0.266 
13 182.5 89.64088 0.269 
13 183.5 89.18269 0.261 
13 184.5 88.90339 0.258 
13 185.5 88.10811 0.245 
13 186.5 87.90637 0.241 
13 187.5 86.41827 0.22 
13 188.5 86.23962 0.215 
13 189.5 77.8826 0.14 
13 190.5 80.50383 0.159 
13 191.5 83.25792 0.182 
13 192.5 83.13514 0.18 
13 193.5 86.35851 0.218 
13 194.5 87.29216 0.235 
13 195.5 87.56545 0.238 
13 196.5 85.28678 0.204 
220 
 
13 197.5 82.14286 0.171 
13 198.5 85.05747 0.201 
13 199.5 82.21093 0.173 
13 200.5 83.33333 0.183 
13 201.5 85.23573 0.203 
13 202.5 83.87097 0.19 
13 203.5 84 0.191 
13 204.5 81.20301 0.164 
13 205.5 85.80482 0.21 
13 206.5 82.21477 0.174 
13 207.5 81.24208 0.164 
13 208.5 84.5122 0.197 
13 209.5 84.08578 0.194 
14 110.5 96.86941 0.683 
14 111.5 97.00599 0.704 
14 112.5 97.55849 0.791 
14 113.5 98.01136 0.859 
14 114.5 98.74153 0.94 
14 115.5 97.67911 0.809 
14 116.5 70.2235 0.087 
14 117.5 88.81932 0.257 
14 118.5 98.0057 0.858 
14 119.5 96.0739 0.568 
14 120.5 98.25218 0.886 
14 121.5 98.9726 0.956 
14 122.5 96.16183 0.582 
14 123.5 83.12858 0.179 
14 124.5 67.59907 0.076 
14 125.5 78.60747 0.148 
14 126.5 92.07623 0.327 
14 127.5 91.56069 0.311 
14 128.5 94.22424 0.407 
14 129.5 95.95142 0.55 
14 130.5 95.11494 0.463 
14 131.5 96.02926 0.56 
14 132.5 95.27085 0.477 
14 133.5 92.35556 0.333 
14 134.5 88.27586 0.247 
14 135.5 88.34081 0.248 
14 136.5 93.93939 0.391 
14 137.5 90.59614 0.286 
221 
 
14 138.5 88.3959 0.25 
14 139.5 90.73892 0.29 
14 140.5 90.83156 0.291 
14 141.5 86.52263 0.223 
14 142.5 85.90398 0.212 
14 143.5 84.58611 0.197 
14 144.5 81.91095 0.17 
14 145.5 75.89869 0.118 
14 146.5 76.27737 0.123 
14 147.5 74.80786 0.11 
14 148.5 75.36343 0.116 
14 149.5 68.82399 0.078 
14 150.5 70.26638 0.088 
14 151.5 59.81442 0.047 
14 152.5 57.84127 0.042 
14 153.5 60.36745 0.048 
14 154.5 62.58741 0.054 
14 155.5 59.28803 0.046 
14 156.5 55.73664 0.038 
14 157.5 64.32792 0.063 
14 158.5 70.99768 0.089 
14 159.5 63.79881 0.06 
15 10.5 92.12089 0.328 
15 11.5 90.15152 0.275 
15 12.5 90.34926 0.278 
15 13.5 95.82339 0.532 
15 14.5 97.26368 0.747 
15 15.5 97.35183 0.763 
15 16.5 96.83944 0.674 
15 17.5 95.91474 0.541 
15 18.5 95.33333 0.484 
15 19.5 94.32063 0.413 
15 20.5 95.25959 0.476 
15 21.5 95.27302 0.478 
15 22.5 97.21816 0.74 
15 23.5 95.94959 0.548 
15 24.5 93.92804 0.391 
15 25.5 95.70278 0.517 
15 26.5 96.23853 0.59 
15 27.5 95.24633 0.475 
15 28.5 94.69194 0.428 
222 
 
15 29.5 95.75138 0.524 
15 30.5 93.86364 0.387 
15 31.5 91.96355 0.32 
15 32.5 89.26282 0.263 
15 33.5 90.01623 0.273 
15 34.5 93.4413 0.371 
15 35.5 95.93496 0.545 
15 36.5 93.00847 0.352 
15 37.5 88.58152 0.254 
15 38.5 91.85415 0.316 
15 39.5 93.9759 0.393 
15 40.5 92.29702 0.33 
15 41.5 92.5841 0.339 
15 42.5 95.73579 0.522 
15 43.5 93.68499 0.382 
15 44.5 89.57006 0.267 
15 45.5 94.14854 0.403 
15 46.5 94.74886 0.435 
15 47.5 95.89372 0.539 
15 48.5 95.36585 0.489 
15 49.5 93.97866 0.394 
15 50.5 95.36751 0.49 
15 51.5 95.2 0.47 
15 52.5 96.03376 0.563 
15 53.5 95.70248 0.517 
15 54.5 96.76898 0.663 
15 55.5 96.60079 0.635 
15 56.5 95.22968 0.473 
15 57.5 95.75972 0.525 
15 58.5 95 0.457 
15 59.5 94.74535 0.435 
16 64.5 93.77224 0.384 
16 65.5 97.38837 0.771 
16 66.5 97.78598 0.825 
16 67.5 95.91111 0.541 
16 68.5 96.73321 0.657 
16 69.5 97.20035 0.736 
16 70.5 97.98464 0.854 
16 71.5 97.5891 0.795 
16 72.5 95.61587 0.511 
16 73.5 95.99237 0.556 
223 
 
16 74.5 94.40367 0.419 
16 75.5 92.29305 0.33 
16 76.5 95.0764 0.461 
16 77.5 94.88449 0.448 
16 78.5 97.17138 0.729 
16 79.5 97.95539 0.847 
16 80.5 96.31491 0.601 
16 81.5 95.60895 0.51 
16 82.5 92.14391 0.328 
16 83.5 90.37391 0.279 
16 84.5 94.82312 0.444 
16 85.5 96.03053 0.563 
16 86.5 96.22807 0.589 
16 87.5 95.68282 0.516 
16 88.5 96.0499 0.565 
16 89.5 95.03343 0.46 
16 90.5 94.77833 0.439 
16 91.5 89.96441 0.273 
16 92.5 91.32492 0.304 
16 93.5 91.27119 0.304 
16 94.5 90.87333 0.292 
16 95.5 92.3254 0.331 
16 96.5 90.56464 0.284 
16 97.5 95.16981 0.468 
16 98.5 94.11342 0.401 
16 99.5 94.01251 0.396 
16 100.5 94.24847 0.408 
16 101.5 94.34851 0.415 
16 102.5 91.83188 0.316 
16 103.5 89.61661 0.268 
16 104.5 90.96672 0.295 
16 105.5 91.57303 0.311 
16 106.5 91.27046 0.303 
16 107.5 89.75515 0.27 
16 108.5 61.7561 0.051 
16 109.5 59.2155 0.045 
16 110.5 47.62794 0.029 
16 111.5 38.45895 0.014 
16 112.5 41.1783 0.018 
16 113.5 30.94004 0.01 
17 50.5 92.02279 0.324 
224 
 
17 55.5 96.27561 0.595 
17 60.5 95.48577 0.502 
17 65.5 96.72429 0.655 
17 70.5 93.70892 0.383 
17 75.5 95.41463 0.494 
17 80.5 95.16519 0.467 
17 81.5 95.54247 0.505 
17 82.5 96.57293 0.632 
17 83.5 95.71168 0.519 
17 84.5 95.9718 0.553 
17 85.5 95.76446 0.526 
17 86.5 94.90909 0.448 
17 87.5 88.73802 0.256 
17 88.5 93.07958 0.354 
17 89.5 94.70432 0.429 
17 90.5 96.14438 0.578 
17 91.5 96.02955 0.561 
17 92.5 95.77586 0.529 
17 93.5 96.6805 0.646 
17 94.5 94.03341 0.397 
17 95.5 94.3 0.412 
17 96.5 95.9253 0.543 
17 97.5 96.1194 0.573 
17 98.5 96.90927 0.688 
17 99.5 96.87204 0.684 
17 100.5 95.9322 0.544 
17 101.5 96.02926 0.56 
17 102.5 96.53725 0.63 
17 103.5 94.69469 0.428 
17 104.5 96.80511 0.669 
17 105.5 96.47177 0.621 
17 106.5 96.13095 0.577 
17 107.5 95.34017 0.484 
17 108.5 95.55085 0.507 
17 109.5 93.1677 0.358 
17 110.5 92.70833 0.341 
17 111.5 93.44609 0.371 
17 112.5 89.4535 0.265 
17 113.5 92.73959 0.344 
17 114.5 92.32877 0.332 
17 115.5 94.64286 0.426 
225 
 
17 116.5 94.27313 0.41 
17 117.5 85.58917 0.208 
17 118.5 93.14698 0.356 
17 119.5 92.7226 0.341 
17 120.5 95.00446 0.459 
17 121.5 93.73391 0.383 
17 122.5 95.9507 0.549 
17 123.5 96.92155 0.69 
17 124.5 95.4389 0.496 
17 125.5 95.27638 0.479 
17 126.5 94.85437 0.446 
17 127.5 93.29983 0.364 
17 128.5 95.70928 0.518 
17 129.5 96.31626 0.601 
17 130.5 96.47436 0.621 
17 131.5 96.98324 0.7 
17 132.5 97.6087 0.797 
17 133.5 95.30416 0.482 
17 134.5 92.86413 0.347 
17 135.5 94.26681 0.41 
17 136.5 95.73864 0.522 
17 137.5 93.31963 0.365 
17 138.5 93.95349 0.392 
17 139.5 94.16136 0.404 
17 140.5 94.97768 0.455 
17 141.5 93.88209 0.388 
17 142.5 94.15323 0.404 
17 143.5 95.11931 0.464 
17 144.5 88.88889 0.257 
17 145.5 92.90123 0.348 
17 146.5 87.83069 0.241 
17 147.5 82.46809 0.176 
17 148.5 91.12108 0.297 
17 149.5 90.56604 0.285 
17 150.5 91.36513 0.306 
17 151.5 93.22779 0.36 
17 152.5 90.45872 0.28 
17 153.5 90.11299 0.275 
17 154.5 87.53339 0.238 
17 155.5 74.11321 0.107 
17 156.5 91.62747 0.313 
226 
 
17 157.5 86.66667 0.225 
17 158.5 90.92451 0.294 
17 159.5 93.03136 0.353 
17 160.5 90.45643 0.28 
17 161.5 93.27935 0.363 
17 162.5 92.90657 0.35 
17 163.5 91.82037 0.315 
17 164.5 91.69922 0.314 
17 165.5 92.75742 0.345 
17 166.5 92.37361 0.334 
17 167.5 91.53527 0.31 
17 168.5 90.83205 0.291 
17 169.5 91.51467 0.309 
17 170.5 91.61442 0.313 
17 171.5 90.56291 0.284 
17 172.5 89.18919 0.262 
17 173.5 91.13338 0.299 
17 174.5 92.06928 0.326 
17 175.5 91.98575 0.323 
17 176.5 90.93023 0.294 
17 177.5 91.97299 0.321 
17 178.5 92.3802 0.334 
17 179.5 89.51161 0.267 
18 292.5 97.19731 0.735 
18 294.5 99.52774 0.982 
18 296.5 98.85845 0.946 
18 298.5 97.2103 0.738 
18 300.5 95.77295 0.528 
18 302.5 94.39051 0.417 
18 304.5 95.34221 0.485 
18 306.5 94.93949 0.451 
18 308.5 89.80632 0.271 
18 310.5 86.08374 0.214 
18 312.5 71.36998 0.091 
18 314.5 84.92569 0.2 
18 316.5 79.92734 0.154 
18 318.5 87.5817 0.239 
18 320.5 79.10593 0.15 
18 322.5 86.8666 0.227 
18 324.5 77.52941 0.139 
18 326.5 75.25355 0.114 
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18 328.5 74.61024 0.11 
18 330.5 73.9479 0.105 
18 332.5 77.09677 0.134 
18 334.5 76.53167 0.127 
18 336.5 75.91111 0.119 
18 338.5 76.4881 0.127 
19 60 93.2526 0.361 
19 61 92.87834 0.348 
19 62 94.82201 0.444 
19 63 95.66421 0.514 
19 64 97.4934 0.782 
19 65 98.28641 0.891 
19 66 97.80755 0.828 
19 67 98.59694 0.93 
19 68 96.63677 0.64 
19 69 96.08651 0.57 
19 70 96.12842 0.576 
19 71 93.32273 0.366 
19 72 95.98086 0.555 
19 73 96.04037 0.564 
19 74 96.19706 0.585 
19 75 96.89507 0.687 
19 76 96.86057 0.68 
19 77 97.05882 0.711 
19 78 96.93593 0.692 
19 79 97.08738 0.715 
19 80 97.56944 0.791 
19 81 96.6 0.635 
19 82 96.84211 0.675 
19 83 96.64083 0.642 
19 84 97.72727 0.817 
19 85 96.79408 0.667 
19 86 97.14286 0.725 
19 87 96.63951 0.64 
19 88 94.41402 0.419 
19 89 95.91837 0.542 
19 90 95.14563 0.465 
19 91 95.11979 0.464 
19 92 95.8585 0.536 
19 93 96.79193 0.666 
19 94 96.02649 0.56 
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19 95 96.35922 0.604 
19 96 95.73003 0.521 
19 97 92.80125 0.347 
19 98 96.17021 0.583 
19 99 97.30094 0.753 
19 100 97.02735 0.706 
19 101 96.75835 0.66 
19 102 96.46107 0.619 
19 103 96.81604 0.67 
19 104 96.68192 0.647 
19 105 96.12326 0.575 
19 106 96.40449 0.612 
19 107 96.62803 0.638 
19 108 96.6129 0.636 
19 110 98.01802 0.861 
19 111 97.5052 0.783 
19 112 98.45758 0.917 
19 113 98.24121 0.884 
19 114 98.21261 0.88 
19 115 98.62385 0.932 
19 116 98.70588 0.936 
19 117 98.274 0.889 
19 118 94.11765 0.402 
19 119 92.72446 0.342 
19 120 92.7676 0.345 
19 121 95.00431 0.458 
19 122 97.06546 0.713 
19 123 97.08847 0.716 
19 124 97.54204 0.788 
19 125 97.44572 0.775 
19 126 97.58403 0.794 
19 127 97.00997 0.704 
19 128 97.06376 0.713 
19 129 96.32546 0.602 
19 130 96.24746 0.59 
19 131 97.57653 0.793 
19 132 97.74011 0.819 
19 133 96.73367 0.657 
19 134 96.09079 0.571 
19 135 96.80999 0.67 
19 136 96.73704 0.658 
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19 137 97.14912 0.727 
19 138 97.32484 0.758 
19 139 98.06714 0.864 
19 140 96.84362 0.676 
19 141 98.53439 0.925 
19 142 98.22176 0.882 
19 143 98.11518 0.871 
19 144 97.88136 0.839 
19 145 96.72727 0.656 
19 146 98.01489 0.86 
19 147 98.66131 0.934 
19 148 98.75776 0.941 
19 149 97.34396 0.761 
19 150 97.36098 0.767 
19 151 97.97688 0.853 
19 152 97.97136 0.851 
19 153 97.90337 0.841 
19 154 97.35632 0.765 
19 155 97.67008 0.805 
19 156 97.03872 0.708 
19 157 96.86235 0.681 
19 158 97.00375 0.703 
19 159 97.06994 0.714 
19 160 95.72785 0.52 
19 161 96.46937 0.62 
19 162 94.74153 0.434 
19 163 97.18785 0.733 
19 164 98.42995 0.912 
19 165 97.34043 0.76 
19 166 98.16779 0.878 
19 167 98.50746 0.923 
19 168 98.52025 0.923 
19 169 98.0975 0.867 
19 170 97.96137 0.848 
19 171 96.1991 0.585 
19 172 96.37827 0.609 
19 173 93.98955 0.395 
19 174 93.173 0.358 
19 175 97.62642 0.8 
19 176 98.35931 0.9 
19 177 98.42007 0.91 
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19 178 98.04984 0.863 
19 179 97.51973 0.785 
19 180 97.0971 0.717 
19 181 97.80854 0.828 
19 182 97.98489 0.855 
19 183 97.61905 0.798 
19 184 97.92695 0.844 
19 185 97.24455 0.744 
19 186 98.24742 0.885 
19 187 96.86848 0.682 
19 188 97.46683 0.777 
19 189 97.33333 0.76 
19 190 96.79012 0.665 
19 191 96.84066 0.675 
19 192 94.42231 0.42 
19 193 92.98013 0.351 
19 194 93.56913 0.379 
19 195 73.53896 0.102 
19 196 48.57475 0.031 
19 197 22.32739 0.007 
19 198 27.99702 0.009 
19 199 48.03862 0.03 
19 200 87.32984 0.236 
19 201 91.7382 0.314 
19 202 60.02776 0.048 
19 203 34.09248 0.011 
19 204 41.96708 0.019 
19 205 66.34027 0.07 
19 206 55.92105 0.038 
19 207 49.6092 0.032 
19 208 38.76828 0.016 
19 209 36.49982 0.012 
19 210 62.35294 0.053 
19 211 62.89144 0.056 
19 212 52.93093 0.037 
19 213 40.25795 0.017 
19 214 43.91304 0.022 
19 215 45.65665 0.026 
19 216 100 0.99 
19 217 43.4238 0.021 
19 218 87.14632 0.233 
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19 219 81.82504 0.169 
19 220 95.57196 0.508 
19 221 91.32602 0.305 
19 222 68.43731 0.077 
19 223 63.57227 0.059 
19 224 44.58874 0.023 
19 225 50.10183 0.034 
19 226 60.37929 0.049 
19 227 66.99387 0.073 
19 230 71.19796 0.09 
19 231 77.91287 0.141 
19 232 83.46628 0.185 
19 233 57.92531 0.042 
19 234 42.49226 0.02 
19 235 51.78161 0.035 
19 236 56.16186 0.039 
19 237 45.07863 0.024 
19 238 38.62454 0.015 
19 239 28.71963 0.01 
19 240 39.19798 0.016 
19 241 36.84615 0.013 
19 242 56.24381 0.039 
19 243 72.38307 0.095 
19 244 76.87412 0.13 
19 245 69.68044 0.084 
19 246 71.75182 0.093 
19 247 72.46713 0.096 
19 248 66.97551 0.072 
19 249 10.60288 0.002 
19 250 18.76695 0.005 
19 251 31.00224 0.011 
19 252 76.31366 0.124 
19 253 93.302 0.365 
19 254 96.29237 0.598 
19 255 96.69312 0.649 
19 256 95.18717 0.47 
19 257 95.46599 0.5 
19 258 92.39905 0.335 
19 259 95.34574 0.485 
19 260 95.17154 0.469 
19 261 95.9596 0.551 
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19 262 96.14362 0.578 
19 263 90.56047 0.283 
19 264 96.84932 0.679 
19 265 96.85039 0.679 
19 266 87.24428 0.234 
19 267 97.46121 0.777 
19 268 95.96413 0.552 
19 269 97.39508 0.772 
19 270 97.20745 0.738 
19 271 97.14693 0.726 
19 272 97.38372 0.77 
19 273 95.74468 0.523 
19 274 96.12188 0.574 
19 275 80.7564 0.161 
19 276 96.36049 0.605 
19 277 38.53791 0.014 
19 278 19.50513 0.005 
19 279 13.43189 0.003 
19 280 63.92925 0.061 
19 281 69.75643 0.085 
19 282 62.91274 0.057 
19 283 69.25267 0.081 
19 284 68.07182 0.076 
19 285 75.85943 0.117 
19 286 76.57807 0.128 
19 287 78.41374 0.146 
19 288 77.71697 0.139 
19 289 76.39098 0.125 
19 290 77.45572 0.138 
19 291 80.37529 0.158 
19 292 79.63405 0.152 
19 293 78.24859 0.145 
19 294 78.42387 0.146 
19 295 76.31579 0.125 
19 296 66.42811 0.071 
19 297 59.03834 0.044 
19 298 62.77811 0.055 
19 299 69.5301 0.083 
19 300 63.76631 0.06 
19 301 52.26757 0.036 
19 302 64.99057 0.065 
233 
 
19 303 65.21739 0.066 
19 304 59.6603 0.046 
19 305 61.91155 0.052 
19 306 62.39437 0.054 
19 307 64.24443 0.063 
19 308 63.86555 0.061 
19 309 64.33513 0.064 
19 310 65.47184 0.067 
19 311 72.5474 0.096 
19 312 74.80786 0.11 
19 313 81.80227 0.168 
19 314 81.98904 0.171 
19 315 88.90926 0.258 
19 316 90.91627 0.293 
19 317 90.53309 0.283 
19 318 79.94158 0.154 
19 319 75.12077 0.113 
19 320 75.20849 0.114 
19 321 75.35101 0.115 
19 322 75.97173 0.12 
19 323 80.19246 0.157 
19 324 74.59854 0.109 
19 325 63.07922 0.058 
19 326 65.7299 0.069 
19 327 69.45779 0.082 
19 328 68.32884 0.077 
19 329 68.85457 0.079 
19 330 63.67962 0.059 
19 331 58.06916 0.043 
19 332 61.80613 0.052 
19 333 62.94166 0.057 
19 334 90.37001 0.278 
19 335 70.21475 0.086 
19 336 65.4918 0.067 
19 337 67.58621 0.075 
19 338 79.81756 0.153 
19 339 60.87336 0.05 
19 340 76.10887 0.122 
19 341 82.18662 0.172 
19 342 87.81549 0.24 
19 343 89.69277 0.269 
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19 344 90.81439 0.29 
19 345 62.2108 0.053 
19 346 73.94515 0.104 
19 347 69.38776 0.082 
19 348 73.42105 0.101 
19 349 73.95912 0.106 
19 350 71.62162 0.092 
19 351 75.5 0.116 
19 352 77.37478 0.137 
19 353 66.60256 0.071 
19 354 64.48819 0.064 
19 355 74.29775 0.108 
19 356 83.21624 0.181 
19 357 72.6776 0.097 
19 358 78.08989 0.142 
19 359 77.03102 0.133 
19 360 73.99356 0.107 
19 361 71.45892 0.092 
19 362 69.8324 0.086 
19 363 73.43874 0.102 
19 364 72.31504 0.095 
19 365 73.72754 0.103 
19 366 72.14232 0.094 
19 367 75.54304 0.117 
19 368 74.48166 0.109 
19 369 73.68846 0.103 
19 370 72.98188 0.1 
19 371 69.82294 0.085 
19 372 67.03622 0.073 
19 373 42.17918 0.02 
19 374 45.48982 0.025 
19 375 59.26388 0.045 
19 376 60.56848 0.05 
19 377 48.00205 0.03 
19 378 48.8051 0.032 
19 379 38.68173 0.015 
19 232.5 95.40541 0.492 
20 234.5 96.20123 0.586 
20 236.5 97.69895 0.814 
20 238.5 96.85535 0.68 
20 240.5 97.21166 0.739 
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20 242.5 95.73106 0.521 
20 244.5 95.79525 0.53 
20 246.5 97.1029 0.719 
20 248.5 95.67308 0.515 
20 250.5 96.34409 0.604 
20 252.5 96.55938 0.631 
20 254.5 93.53905 0.377 
20 256.5 94.33032 0.414 
20 258.5 95.9292 0.544 
20 260.5 96.22285 0.589 
20 262.5 93.4277 0.369 
20 264.5 95.01845 0.459 
20 266.5 94.94451 0.452 
20 268.5 93.02671 0.353 
20 270.5 84.00474 0.192 
20 272.5 68.99418 0.079 
20 274.5 66.96738 0.072 
20 276.5 64.22311 0.062 
20 278.5 72.67692 0.097 
3 230.5 65.40436 0.066 
3 232.5 79.11392 0.15 
3 234.5 68.50335 0.078 
3 236.5 88.05195 0.244 
3 238.5 88.53383 0.253 
3 240.5 76.62508 0.129 
3 242.5 70.64539 0.089 
3 248.5 79.1395 0.151 
3 250.5 79.6729 0.153 
3 252.5 76.09254 0.121 
3 254.5 76.48235 0.126 
3 256.5 59.94737 0.047 
3 258.5 46.91256 0.027 
3 262.5 44.90509 0.023 
3 264.5 22.71925 0.008 
3 266.5 21.78565 0.007 
3 268.5 17.75926 0.004 
3 272.5 15.86374 0.004 
3 274.5 13.40656 0.003 
3 276.5 10.36387 0.001 
3 278.5 6.599553 0 
15 60.5 96.43478 0.615 
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15 61.5 96.46552 0.619 
15 62.5 96.38219 0.609 
15 63.5 95.36308 0.488 
15 64.5 95.60327 0.51 
15 65.5 94.46529 0.421 
15 66.5 95.95016 0.548 
15 67.5 96.90927 0.688 
15 68.5 96.2536 0.592 
15 69.5 97.48533 0.78 
15 70.5 97.40369 0.773 
15 71.5 97.19917 0.735 
15 72.5 97.30483 0.754 
15 73.5 96.91011 0.689 
15 74.5 96.72294 0.655 
15 75.5 94.12305 0.403 
15 76.5 96.76226 0.662 
15 77.5 96.27016 0.594 
15 78.5 96.28647 0.597 
15 79.5 95.94595 0.546 
15 80.5 95.59809 0.509 
15 81.5 96.80451 0.669 
15 82.5 98.03922 0.862 
15 83.5 97.77306 0.822 
15 84.5 96.25247 0.591 
15 85.5 96.1991 0.585 
15 86.5 96.43211 0.614 
15 87.5 89.01193 0.26 
15 88.5 96.70711 0.653 
15 89.5 98.01325 0.86 
15 90.5 97.28122 0.748 
15 91.5 97.33096 0.759 
15 92.5 97.18876 0.734 
15 93.5 94.81865 0.442 
15 94.5 95.21179 0.471 
15 95.5 94.9763 0.455 
15 96.5 94.62592 0.425 
15 97.5 86.40955 0.22 
15 98.5 74.96172 0.112 
15 99.5 76.25602 0.123 
15 100.5 93.28302 0.363 
15 101.5 93.82541 0.386 
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15 102.5 89.1954 0.263 
15 103.5 96.337 0.603 
15 104.5 95.28302 0.48 
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Table A.2.2. Macrofossil data from 20 cores collected on the peatland component of 
Fallison Bog. Note that all data are percents. 
Core 
Depth  Sphag 
num 
Brown 
moss Sedges 
Fine 
rootlets 
Woody  
Root 
stem Shrubs Trees 
Aquatic 
Plants Mineral Unid 
1 10 11.25 0 27.5 11.25 27.5 0 0 0 0 22.5 
1 20 22.5 0 22.5 16.25 30 1.25 0 0 0 7.5 
1 30 0 0 28.75 18.75 23.75 0 0 0 0 28.75 
1 40 0 0 23.75 23.75 28.75 0 0 0 0 23.75 
1 50 0 0 8.75 31.25 41.25 0 0 0 0 18.75 
1 60 0 0 26.25 21.25 27.5 0 0 0 0 25 
1 70 22.5 0 2.5 22.5 27.5 0 0 0 0 25 
1 80 0 0 7.5 28.75 32.5 0 0 0 0 31.25 
1 90 0 0 15 27.5 28.75 0 0 0 0 28.75 
1 97 0 0 15 16.25 40 0 0 0 0 28.75 
2 165 1.25 0 40 33.75 3.75 7.5 1.25 0 0 12.5 
2 170 0 0 28.75 36.25 12.5 1.25 1.25 0 0 20 
2 175 0 0 21.25 47.5 1.25 0 1.25 1.25 27.5 0 
2 180 0 0.625 20 37.5 0 0 0 1.875 40 0 
2 185 0 0 37.5 33.75 0 0 1.25 3.75 23.75 0 
2 190 0 0 5 41.25 1.25 0 12.5 8.75 31.25 0 
2 195 0 0 0 46.25 0 0 0 7.5 46.25 0 
2 200 0 0 0 45 0 0 0 10 45 0 
2 205 0 0 0 45 0 0 0 10 45 0 
2 210 0 0 1.25 43.75 0 0 0 7.5 47.5 0 
3 155 2.5 0 32.5 6.25 36.25 0 0 0 0 22.5 
3 160 41.25 0 21.25 7.5 18.75 0 0 0 0 11.25 
3 165 31.25 0 15 6.25 41.25 0 0 0 0 6.25 
3 170 36.25 0 25 15 12.5 0 0 0 0 11.25 
3 175 60 0 11.25 8.75 12.5 0 0 0 0 7.5 
3 180 45 0 26.25 7.5 15 5 0 0 0 1.25 
3 185 18.75 0 43.75 10 23.75 0 1.25 0 0 2.5 
3 190 2.5 0 13.75 38.75 1.25 3.75 1.25 0 38.75 0 
3 195 0 0 5 35 0 0 0 27.5 32.5 0 
3 200 0 0 0 48.75 0 0 0 2.5 48.75 0 
4 160 60 0 17.5 7.5 15 0 0 0 0 0 
4 170 51.25 0 15 5 0 22.5 0 1.25 0 5 
4 180 1.25 0 40 45 0 5 1.25 0 0 7.5 
4 190 0 0 32.5 27.5 0 12.5 6.25 0 0 21.25 
4 200 0 0 2.5 43.75 0 0 2.5 7.5 43.75 0 
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4 210 0 0 0 40 0 0 0 20 40 0 
4 220 0 0 2.5 45 2.5 0 0 5 45 0 
5 160 72.5 0 6.25 5 10 0 0 0 0 6.25 
5 165 22.5 0 0 25 36.25 1.25 0 0 0 15 
5 170 60 0 3.75 6.25 15 0 0 0 0 15 
5 175 21.25 0 12.5 20 26.25 0 0 0 0 20 
5 180 72.5 0 12.5 5 7.5 0 0 0 0 2.5 
5 185 27.5 0 20 16.25 16.25 0 0 0 0 20 
5 190 40 0 12.5 13.75 17.5 0 0 0 0 16.25 
5 195 47.5 0 17.5 11.25 11.25 6.25 1.25 0 0 5 
5 200 0 0 17.5 60 0 0 7.5 0 5 10 
5 205 2.5 0 5 45 0 0 1.25 1.25 45 0 
5 210 0 0 2.5 38.75 6.25 0 0 28.75 23.75 0 
5 215 0 0 0 40 0 0 0 20 40 0 
6 270 22.5 0 16.25 17.5 23.75 1.25 0 0 0 18.75 
6 280 15 0 13.75 26.25 28.75 0 0 0 0 16.25 
6 290 1.25 0 18.75 21.25 23.75 10 0 0 0 25 
6 300 0 0 2.5 56.25 5 1.25 0 0 35 0 
6 310 0 0 0 48.75 0 0 0 2.5 48.75 0 
6 320 0 0 1.25 43.75 0 0 1.25 7.5 46.25 0 
6 330 0 0 0 45 0 0 0 10 45 0 
6 340 0 0 0 40 0 0 0 20 40 0 
6 350 0 0 0 56.25 2.5 0 1.25 10 30 0 
7 332 32.5 0 5 32.25 13.75 2.5 0 0.5 0 13.5 
7 335 38.75 0 0 18.75 20 18.75 0 0 0 3.75 
7 340 32.5 0 7.5 14 28.75 13.75 0 1 0 2.5 
7 345 32.5 0 15 30 0 6.25 1.25 10 0 5 
7 350 9.25 0 7 35 2.5 26.25 5 1.25 13.75 0 
7 355 0 0 17.5 43.75 33.75 0 0 0 5 0 
7 360 0 0 5 32.5 5 10 30 0 17.5 0 
7 365 0 0 37.5 37.5 0 0 1.25 1.25 22.5 0 
7 370 0 0 6.25 35 0 0 2.5 17.5 38.75 0 
7 375 0 0 0 38.75 3.75 0 0 18.75 38.75 0 
8 350 21.25 0 23.75 26.25 26.25 0 0 0 0 2.5 
8 355 8.75 0 13.75 23.75 40 1.25 0 0 1.25 11.25 
8 360 10 0 12.5 33.75 11.25 5 0 3.75 23.75 0 
8 365 15 0 18.75 32.5 32.5 0 0 1.25 0 0 
8 370 1.25 0 0 43.75 0 8.75 0 1.25 45 0 
8 375 0 3.75 30 18.75 26.25 0 0 1.25 20 0 
8 380 0 0 0 46.25 0 3.75 1.25 5 43.75 0 
8 385 0 0 0 40 0 0 0 20 40 0 
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8 390 0 0 0 47.5 0 0 1.25 3.75 47.5 0 
8 395 0 0 0 47.5 0 0 0 5 47.5 0 
9 355 20 0 2.5 12.5 42.5 0 0 0 0 22.5 
9 365 6.25 2.5 2.5 32.5 32.5 22.5 0 0 0 1.25 
9 375 0.5 0 37.5 51.25 3.75 1.25 0 0.25 5.5 0 
9 385 0 3.75 27.5 28.5 37.5 2.5 0 0.25 0 0 
9 395 0.625 16.25 26.25 30 10 14.375 0 0 2.5 0 
9 405 0 3.75 23.75 52.5 0 17.5 0 0 2.5 0 
9 415 0 5 43.75 46.25 1.25 1.25 1.25 0 1.25 0 
9 425 0.5 0.75 1.5 7.5 2.5 1.25 1.25 0 84.75 0 
9 435 0.125 1.875 1.25 13.75 16.75 2.5 0 11.25 52.5 0 
10 215 32.5 0 0 23.75 30 2.5 0 0 0 11.25 
10 220 77.5 0 0 3.75 15 3.75 0 0 0 0 
10 225 68.75 0 0 5 22.5 2.5 0 0 0 1.25 
10 230 47.5 0 18.75 5 28.75 0 0 0 0 0 
10 234 68.75 0 0 3.75 25 2.5 0 0 0 0 
10 241 33.75 1.25 16.25 23.75 21.25 3.75 0 0 0 0 
10 245 23.75 9 18.75 35 0 9.75 0 0 1.25 2.5 
10 250 0.5 5 1.25 51.25 38.75 1.25 0 0 2 0 
10 255 3.75 1.25 8.75 33.75 21.25 25 0 0 6.25 0 
10 261 11.25 0 0 17.5 35 10 0 0 26.25 0 
10 265 1.75 0.5 1.25 18.75 16.25 27.5 5 15 14 0 
10 270 1.25 0 18.75 18.75 36.25 0 0 5 20 0 
10 275 0 5.5 7.5 8.25 13.75 17.5 2.5 1.25 43.75 0 
10 278 1 0 2.5 15 32.5 1.5 1.25 1.25 45 0 
11 80 2.5 0 6.25 13.75 32.5 27.5 1.25 0 0 16.25 
11 85 1.25 0 2.5 18.75 31.25 27.5 0 0 0 18.75 
11 90 0 11.25 0 13.75 37.5 15 0 0 20 2.5 
11 96 1.75 1.25 0 15 30 22.5 1.25 2 26.25 0 
11 100 0 0 1.25 28.75 17.5 3.75 3.75 2.5 42.5 0 
11 105 0.75 0 0 41.25 6.25 0 2.5 2.5 46.75 0 
11 115 0.5 0 1.25 36.25 8.75 3.25 0 5 45 0 
11 120 0 0 2.5 20 11.25 7.5 2.5 6.25 50 0 
12 105 22.5 0 13.75 22.5 17.5 21.25 0 0 0 2.5 
12 110 41.25 0 2.5 27.5 27.5 0 0 0 0 1.25 
12 115 3.75 0 1.25 30 30 10 3.75 0 0 21.25 
12 120 0 0 2.5 27.5 37.5 20 2.5 0 5 5 
12 125 0 0 2.5 13.75 17.5 35 11.25 1.25 18.75 0 
12 130 2.5 3.75 1.25 25 40 18.75 1.25 0 3.75 3.75 
12 135 6.25 0 0 18.75 21.25 6.25 5 7.5 35 0 
12 140 0 1.25 0 21.25 21.25 15 5 5 31.25 0 
241 
 
12 145 0.5 0 0 25 26.25 5 2.5 5.75 35 0 
13 165 42.5 0 17.5 17.5 12.5 2.5 0 0 0 7.5 
13 170 17.5 0 2.5 23.75 15 21.25 0 1.25 5 13.75 
13 175 0 0 5 46.25 28.75 6.25 2.5 1.25 5 5 
13 180 0.5 4.25 1.25 35 1.25 11.25 2 12 32.5 0 
13 185 1.25 0.5 1.25 42.5 4.5 1.25 1.25 1.25 46.25 0 
13 190 0 0 0 37.5 10 11.25 1.25 2.5 37.5 0 
13 195 0 1.25 0 43.75 0 1.25 1.25 7.5 45 0 
13 200 0 0 0 45 0 0 0 10 45 0 
13 205 0 0 8.75 41.25 0 1.25 1.25 6.25 41.25 0 
14 115 22.5 0 22.5 22.5 12.5 1.25 0 0 0 18.75 
14 120 27.5 0 26.25 27.5 10 0 0 0 0 8.75 
14 125 1.75 0 5 40 3.75 8.75 22 0 15.625 3.125 
14 130 0.25 0 11 48.75 0 0 0 0 37.5 2.5 
14 135 0 0 1.25 51.25 0 0 0 2.5 45 0 
14 140 0 0 7.5 37.5 7.5 0 0 12.5 35 0 
14 145 0 0 7.5 32.5 0 0 0 2.5 57.5 0 
14 150 0 0 0 40 8.75 0 0 10 41.25 0 
14 155 0 0 2.5 45 2.5 0 0 5 45 0 
15 15 71.25 0 8.75 3.75 13.75 0 0 0 0 2.5 
15 20 10 0 22.5 22.5 27.5 0 0 0 0 17.5 
15 25 0.5 0 36.25 32 13.75 0 0 0 3.75 13.75 
15 30 2.5 0 28.75 18.75 17.5 15 1.25 0 8 8.25 
15 35 0 0 25 41.25 17.5 2.5 0 0 8.75 5 
15 40 0 0 20 20 20 0 0 0 20 20 
15 45 21.25 0 25 17.5 25 0 0 0 3.75 7.5 
15 50 0 0 12.5 15 50 0 0 0 1.25 21.25 
15 55 1.25 0 36.25 22.5 22.5 0 0 0 0 17.5 
15 60 21.25 0 15 20 23.75 0 0 0 0 20 
15 65 2.5 0 3.75 32.5 30 1.25 0 0 20 10 
15 70 8.75 0 17.5 11.25 43.75 1.25 0 0 1.25 16.25 
15 75 5 0 11.25 18.75 32.5 5 0 0 17.5 10 
15 80 23.75 0 0 26.25 33.75 0 0 0 5 11.25 
15 85 2.5 0 31.25 26.25 28.75 0 0 0 2.5 8.75 
15 90 17.5 0 32.5 22.5 10 0 0 0 3.75 13.75 
15 95 0 0 20 20 20 0 0 0 12.5 27.5 
15 100 0 0 5 31.25 13.75 0 0 7.5 26.25 16.25 
16 70 52.5 0 17.5 3.75 20 5 0 0 0 1.25 
16 75 10 0 5 25 25 5 5 0 5 20 
16 80 5 0 16.25 32.5 32.5 1.25 0 0 2.5 10 
16 85 0.75 0 23.75 29.5 3.75 0 0 1 0 41.25 
242 
 
16 90 0 0 11.25 36.25 6.25 0 0 5 20 21.25 
16 95 5 1.25 15 22.5 0 0 1.25 5 20 30 
16 100 10 0 20 25 8.75 0 0 0 15 21.25 
16 105 5 5 2 40 0 0 0 2 40 6 
16 110 0 0 0 40 0 0 0 0 60 0 
17 50 1.25 0 28.75 25 17.5 0 0 0 23.75 3.75 
17 60 0 0 28.75 28.75 28.75 0 0 0 2.5 11.25 
17 70 0 0 25 25 25 0 0 0 25 0 
17 80 26.25 0 31.25 21.25 2.5 0 0 0 3.75 15 
17 90 0 0 26.25 26.25 26.25 0 0 0 7.5 13.75 
17 100 11.25 0 26.25 20 31.25 0.5 0 0 3.75 7 
17 110 0 0 28.75 16.25 28.75 0 0 0 16.25 10 
17 120 0 0 20 20 20 0 0 0 20 20 
17 130 22.5 0 22.5 20 20 0 0 0 2.5 12.5 
17 140 0 0 31.25 33.75 6.25 0 0 0 6.25 22.5 
17 150 0 0 12.5 40 15 0 0 0 25 7.5 
17 160 0 0 13.75 33.75 12.5 0 0 1.25 38.75 0 
17 170 0 0 8.75 45 3.75 0 0 0 41.25 1.25 
18 295 25 0 28.75 8.75 25 7.5 0 0 0 5 
18 300 7.5 2.5 2.5 42.5 7.5 22.5 0 0 1.25 13.75 
18 305 0 3.75 3.75 42.5 0 7.5 12.5 2.5 23.75 3.75 
18 310 0 0 2.5 41.25 6.25 0 2.5 10 37.5 0 
18 315 0 0 2.5 46.25 0 0 0 5 46.25 0 
18 320 2.5 0 2.5 43.75 0 0 0 5 43.75 2.5 
18 325 0 0 0 46.25 0 0 1.25 7.5 45 0 
18 330 0 0 2.5 42.5 0 0 5 7.5 42.5 0 
18 335 0 0 1.25 43.75 0 2.5 6.25 7.5 38.75 0 
19 70 35 0 11.25 10 27.5 0 0 0 0 16.25 
19 80 31.25 0 23.75 8.75 27.5 1.25 0 0 0 7.5 
19 90 12.5 0 20 10 28.75 0 0 0 0 28.75 
19 105 11.25 0 31.25 17.5 21.25 0 0 0 3.75 15 
19 115 2.5 0 22.5 17.5 40 0 0 0 0 17.5 
19 130 16.25 0 30 13.75 26.25 0 0 0 0 13.75 
19 140 50 0 18.75 2.5 23.75 0 0 0 0 5 
19 150 52.5 0 20 12.5 5 0 0 0 0 10 
19 165 56.25 0 8.75 11.25 21.25 0 0 0 0 2.5 
19 180 71.25 0 6.25 8.75 11.25 1.25 0 0 0 1.25 
19 190 0 15 6.25 25 32.5 12.5 0 0 5 3.75 
19 205 1.25 2.5 3.75 23.75 42.5 0 0 0 25 1.25 
19 220 0 7.5 0 15 40 0 0 0 37.5 0 
19 230 1.25 7.5 2.5 15 32.5 7.5 0 0 33.75 0 
243 
 
19 240 8.75 2.5 5 25 25 0 0 1.25 32.5 0 
19 250 55 0 0 20 5 0 0 0 20 0 
19 260 42.5 0 10 17.5 15 5 0 0 0 10 
19 270 27.5 0 12.5 22.5 25 3.75 1.25 0 0 7.5 
19 285 1.25 1.25 2.5 40 12.5 0 0 0 25 17.5 
19 300 0 0 0 40 10 0 0 0 50 0 
19 310 0 0 0 40 10 0 5 0 40 5 
19 320 0 0 0 45 5 0 5 5 35 5 
19 340 0 0 0 45 0 0 5 15 35 0 
19 350 0 0 5 30 0 0 5 20 35 5 
19 373 0 0 0 10 0 0 0 50 40 0 
20 235 45 0 5 8.75 30 5 0 0 0 6.25 
20 240 22.5 0 18.75 8.75 32.5 2.5 0 0 0 15 
20 245 11.25 0 21.25 6.25 32.5 11.25 6.25 1.25 0 10 
20 250 11.25 0 13.75 18.125 32.5 5.625 3.125 0.625 5 10 
20 255 11.25 0 6.25 30 32.5 0 0 0 10 10 
20 260 0 0 27.5 20 2.5 1.25 25 0 11.25 12.5 
20 265 0 0 38.75 38.75 0 0 7.5 0 10 5 
20 270 0 0 25 30 0 0 0 0 37.5 7.5 
20 275 0 0 11.25 41.25 0 0 0 2.5 45 0 
 
Table A.2.3. Loss-on-ignition data from a core collected within Fallison Bog Pond.  
Total depth 
(cm, 
centered) 
Bulk 
density 
(g/cm3) 
Organic 
matter (%) 
0.5 0.0458 74.23581 
1.5 0.0519 73.4104 
2.5 0.0776 72.16495 
3.5 0.0937 73.3191 
4.5 0.1016 73.4252 
5.5 0.0667 69.86507 
6.5 0.0992 69.55645 
7.5 0.0949 73.55111 
8.5 0.0921 69.27253 
9.5 0.0904 69.35841 
10.5 0.0866 72.1709 
11.5 0.0484 71.69421 
12.5 0.0795 74.96855 
13.5 0.0749 74.89987 
14.5 0.075 78.8 
15.5 0.0641 79.8752 
244 
 
16.5 0.0709 79.83075 
17.5 0.0629 81.55803 
18.5 0.0702 82.47863 
19.5 0.0659 79.66616 
20.5 0.0725 80.55172 
21.5 0.0618 80.90615 
22.5 0.0629 82.35294 
23.5 0.0578 82.87197 
24.5 0.0738 83.87534 
25.5 0.0652 81.90184 
26.5 0.0634 80.59937 
27.5 0.0804 82.33831 
28.5 0.0605 79.50413 
29.5 0.0523 82.21797 
30.5 0.061 80.81967 
31.5 0.0393 80.91603 
32.5 0.0478 81.58996 
33.5 0.0384 83.33333 
34.5 0.0339 84.36578 
35.5 0.0544 83.27206 
36.5 0.0512 81.64063 
37.5 0.056 80.17857 
38.5 0.058 80.68966 
39.5 0.0458 84.27948 
40.5 0.0532 83.83459 
41.5 0.0293 81.22867 
42.5 0.0386 82.38342 
43.5 0.0331 81.571 
44.5 0.0334 87.42515 
45.5 0.0347 87.89625 
46.5 0.032 88.125 
47.5 0.033 87.57576 
48.5 0.0302 87.74834 
49.5 0.0295 84.74576 
50.5 0.0396 88.63636 
51.5 0.0334 83.23353 
52.5 0.0415 85.54217 
53.5 0.0445 86.06742 
54.5 0.041 87.31707 
55.5 0.0478 89.12134 
56.5 0.0448 89.50893 
245 
 
57.5 0.0507 88.95464 
58.5 0.0434 89.40092 
59.5 0.0463 88.98488 
60.5 0.0501 89.22156 
61.5 0.0334 88.62275 
62.5 0.0367 88.0109 
63.5 0.0395 89.11392 
64.5 0.0432 88.19444 
65.5 0.0459 88.67102 
66.5 0.053 87.54717 
67.5 0.0437 88.55835 
68.5 0.057 87.01754 
69.5 0.0538 87.36059 
70.5 0.0507 86.78501 
71.5 0.0387 86.30491 
72.5 0.0468 86.96581 
73.5 0.0553 86.98011 
74.5 0.048 86.875 
75.5 0.057 86.84211 
76.5 0.0538 86.6171 
77.5 0.0586 85.15358 
78.5 0.0519 85.93449 
79.5 0.0665 85.11278 
80.5 0.0587 80.2385 
81.5 0.0529 84.87713 
82.5 0.052 83.65385 
83.5 0.0713 85.27349 
84.5 0.065 83.23077 
85.5 0.0594 83.16498 
86.5 0.0729 84.63649 
87.5 0.0716 83.65922 
88.5 0.0635 84.25197 
89.5 0.0748 84.89305 
90.5 0.0609 83.74384 
91.5 0.0615 84.39024 
92.5 0.0792 84.59596 
93.5 0.0741 84.48043 
94.5 0.0766 84.5953 
95.5 0.0816 83.94608 
96.5 0.0812 84.23645 
97.5 0.0773 83.82924 
246 
 
98.5 0.0645 80.15504 
99.5 0.0776 83.11856 
100.5 0.0794 82.36776 
101.5 0.0611 82.48773 
102.5 0.0823 78.85784 
103.5 0.0739 84.16779 
104.5 0.0712 83.42697 
105.5 0.0766 82.11488 
106.5 0.075 81.06667 
107.5 0.0806 81.14144 
108.5 0.0751 80.95872 
109.5 0.0834 82.73381 
110.5 0.0771 87.02983 
111.5 0.0702 88.17664 
112.5 0.0828 88.4058 
113.5 0.0745 88.72483 
114.5 0.0856 88.31776 
115.5 0.0911 86.93743 
116.5 0.0856 87.14953 
117.5 0.085 88 
118.5 0.0892 87.33184 
119.5 0.0856 87.03271 
120.5 0.0943 85.89608 
121.5 0.0767 86.3103 
122.5 0.0839 86.05483 
123.5 0.0952 85.60924 
124.5 0.0853 86.2837 
125.5 0.0839 85.10131 
126.5 0.0864 84.60648 
127.5 0.0928 84.69828 
128.5 0.0841 85.13674 
129.5 0.0962 84.30353 
130.5 0.0893 85.10638 
131.5 0.0837 84.82676 
132.5 0.0933 83.17256 
133.5 0.1063 83.91345 
134.5 0.0945 83.91534 
135.5 0.1131 84.26172 
136.5 0.1083 84.11819 
137.5 0.1195 85.02092 
138.5 0.1138 84.71002 
247 
 
139.5 0.0996 84.83936 
140.5 0.0611 84.94272 
141.5 0.0452 84.51327 
142.5 0.0616 82.79221 
   144.5 0.0734 84.6049 
145.5 0.0357 82.63305 
146.5 0.0428 82.47664 
147.5 0.0667 83.05847 
148.5 0.0791 83.81795 
149.5 0.0788 83.24873 
150.5 0.08 82.375 
151.5 0.081 82.46914 
152.5 0.0779 82.79846 
153.5 0.0961 81.7898 
154.5 0.0808 82.17822 
155.5 0.0886 82.27991 
156.5 0.1048 82.53817 
157.5 0.0872 82.11009 
158.5 0.1091 81.30156 
159.5 0.0951 82.01893 
160.5 0.0878 80.41002 
161.5 0.0711 79.18425 
162.5 0.08 79.875 
163.5 0.0994 80.18109 
164.5 0.0867 81.19954 
165.5 0.1025 79.60976 
166.5 0.0905 81.43646 
167.5 0.1002 81.33733 
168.5 0.0854 81.03044 
169.5 0.0837 82.3178 
170.5 0.0967 81.38573 
171.5 0.0708 81.35593 
172.5 0.0943 79.5334 
173.5 0.0876 78.76712 
174.5 0.0637 78.96389 
175.5 0.0765 80.26144 
176.5 0.0773 79.81889 
177.5 0.0734 79.97275 
178.5 0.0728 79.80769 
179.5 0.0702 79.77208 
248 
 
180.5 0.0825 78.42424 
181.5 0.0757 78.73184 
182.5 0.095 76.31579 
183.5 0.0799 74.46809 
184.5 0.0841 78.83472 
185.5 0.0808 77.59901 
186.5 0.0838 79.35561 
187.5 0.0852 79.34272 
188.5 0.0759 80.50066 
189.5 0.083 79.87952 
190.5 0.0651 80.49155 
191.5 0.069 80.72464 
192.5 0.0623 80.57785 
193.5 0.0672 78.42262 
194.5 0.0623 77.52809 
195.5 0.0769 76.46294 
196.5 0.0707 77.22772 
197.5 0.0881 75.59591 
198.5 0.0865 74.91329 
199.5 0.0876 74.65753 
200.5 0.1053 74.54891 
201.5 0.0845 73.60947 
202.5 0.0827 74.36518 
203.5 0.0915 75.19126 
204.5 0.0844 74.40758 
205.5 0.0837 74.79092 
206.5 0.0855 73.91813 
207.5 0.0875 74.74286 
208.5 0.0886 74.37923 
209.5 0.0988 73.583 
210.5 0.1136 76.84859 
211.5 0.1001 76.52348 
212.5 0.0947 76.13516 
213.5 0.1021 77.27718 
214.5 0.0926 75.59395 
215.5 0.1025 76.29268 
216.5 0.104 76.82692 
217.5 0.1143 75.67804 
218.5 0.0908 75.11013 
219.5 0.1028 76.36187 
220.5 0.1053 76.54321 
249 
 
221.5 0.0922 74.83731 
222.5 0.0893 73.90817 
223.5 0.0944 73.72881 
224.5 0.0989 73.81193 
225.5 0.0963 73.10488 
226.5 0.1025 72.29268 
227.5 0.0994 71.32797 
228.5 0.0968 71.4876 
229.5 0.111 71.44144 
230.5 0.1082 71.25693 
231.5 0.1097 71.83227 
232.5 0.0993 71.80262 
233.5 0.1149 73.45518 
234.5 0.1075 72.37209 
235.5 0.1152 71.875 
236.5 0.1165 72.70386 
237.5 0.1033 71.92643 
238.5 0.1193 72.08718 
239.5 0.1081 72.0629 
240.5 0.1111 72.27723 
241.5 0.0864 70.94907 
242.5 0.0991 70.73663 
243.5 0.1086 69.98158 
244.5 0.1073 70.82945 
245.5 0.1055 70.14218 
246.5 0.0845 73.60947 
247.5 0.0925 74.91892 
248.5 0.0839 72.34803 
249.5 0.0904 70.68584 
250.5 0.0821 70.28015 
251.5 0.0952 75.21008 
252.5 0.0963 78.29699 
253.5 0.1117 81.55774 
254.5 0.1196 83.44482 
255.5 0.1249 85.90873 
256.5 0.1395 88.74552 
257.5 0.1104 90.03623 
258.5 0.1206 87.06468 
259.5 0.1259 82.84353 
260.5 0.0998 75.9519 
261.5 0.1335 78.8764 
250 
 
262.5 0.1057 88.55251 
263.5 0.1684 90.08314 
264.5 0.1379 91.58811 
265.5 0.1392 91.02011 
266.5 0.142 88.73239 
267.5 0.1516 85.94987 
268.5 0.1489 82.74009 
269.5 0.1896 79.85232 
270.5 0.1571 60.72565 
271.5 0.1305 54.55939 
272.5 0.3305 42.69289 
273.5 0.1239 49.71751 
274.5 0.082 64.02439 
275.5 0.0817 67.80906 
276.5 0.0841 66.5874 
277.5 0.0671 63.04024 
278.5 0.0808 60.89109 
279.5 0.097 61.03093 
280.5 0.0904 69.57965 
281.5 0.0993 68.17724 
282.5 0.0892 66.36771 
283.5 0.0941 66.33065 
284.5 0.0992 65.64805 
285.5 0.0949 66.34615 
286.5 0.0936 68.29493 
287.5 0.1085 66.45102 
288.5 0.1082 66.09558 
289.5 0.1109 66.29693 
290.5 0.1172 66.03995 
291.5 0.0851 65.82078 
292.5 0.1261 63.86792 
293.5 0.106 63.86792 
294.5 0.1137 63.76429 
295.5 0.1014 61.34122 
296.5 0.1216 63.73355 
297.5 0.0966 64.18219 
298.5 0.1039 64.1001 
299.5 0.1062 64.78343 
300.5 0.1129 65.19043 
301.5 0.105 66.19048 
302.5 0.0996 66.16466 
251 
 
303.5 0.1016 66.83071 
304.5 0.1124 67.17082 
305.5 0.1164 67.26804 
306.5 0.1141 67.22174 
307.5 0.1267 66.4562 
308.5 0.113 64.60177 
309.5 0.128 64.84375 
310.5 0.1044 64.55939 
311.5 0.1095 65.57078 
312.5 0.1244 66.63987 
313.5 0.1211 66.30884 
314.5 0.123 66.50407 
315.5 0.102 66.96078 
316.5 0.1122 65.95365 
317.5 0.1073 65.61044 
318.5 0.1026 66.08187 
319.5 0.127 66.69291 
320.5 0.1462 65.52668 
321.5 0.1951 58.43157 
322.5 0.084 60.95238 
323.5 0.0926 67.81857 
324.5 0.1083 67.68236 
325.5 0.1131 67.81609 
326.5 0.0919 68.98803 
327.5 0.0921 69.70684 
328.5 0.1062 68.64407 
329.5 0.1063 68.48542 
330.5 0.1033 67.57018 
331.5 0.0782 69.82097 
332.5 0.0934 69.37901 
333.5 0.1098 70.58288 
334.5 0.0883 70.89468 
335.5 0.0976 69.67213 
336.5 0.0938 68.65672 
337.5 0.0827 67.95647 
338.5 0.0893 68.757 
339.5 0.101 71.38614 
340.5 0.0913 71.19387 
341.5 0.0663 72.69985 
342.5 0.0901 73.69589 
343.5 0.0877 74.68643 
252 
 
344.5 0.0945 73.96825 
345.5 0.0983 72.63479 
346.5 0.0826 70.21792 
347.5 0.0957 70.53292 
348.5 0.0966 69.87578 
349.5 0.0875 69.71429 
350.5 0.0936 70.40598 
351.5 0.0834 71.70264 
352.5 0.092 72.28261 
353.5 0.1143 69.90376 
354.5 0.0954 67.08595 
355.5 0.1034 64.11992 
356.5 0.0934 66.70236 
357.5 0.109 70.55046 
358.5 0.105 70.85714 
359.5 0.1004 71.21514 
360.5 0.0976 71.10656 
361.5 0.0982 71.07943 
362.5 0.1274 68.8383 
363.5 0.1035 68.50242 
364.5 0.1179 68.44784 
365.5 0.1256 70.14331 
366.5 0.0875 73.02857 
367.5 0.1083 70.0831 
368.5 0.0989 65.92518 
369.5 0.0921 62.86645 
370.5 0.1195 61.50628 
371.5 0.0999 66.56657 
372.5 0.116 67.06897 
373.5 0.1137 66.22691 
374.5 0.1062 64.21846 
375.5 0.1302 62.5192 
376.5 0.1133 63.1068 
377.5 0.1261 63.52102 
378.5 0.1278 63.92801 
379.5 0.1227 63.65118 
380.5 0.1416 62.21751 
381.5 0.104 62.88462 
382.5 0.1333 61.5904 
383.5 0.1315 61.8251 
384.5 0.1313 58.64433 
253 
 
385.5 0.1447 51.41672 
386.5 0.1475 48.74576 
387.5 0.1593 48.21092 
388.5 0.1428 47.12885 
389.5 0.1413 49.53999 
390.5 0.1279 50.27365 
391.5 0.1273 53.96701 
392.5 0.1167 60.41131 
393.5 0.1576 61.16751 
394.5 0.1341 59.50783 
395.5 0.1096 61.40511 
396.5 0.1265 63.083 
397.5 0.1243 62.42961 
398.5 0.1141 60.7362 
399.5 0.1031 61.4937 
400.5 0.117 61.88034 
401.5 0.1044 63.98467 
402.5 0.1111 64.26643 
403.5 0.1105 66.87783 
404.5 0.0922 66.59436 
405.5 0.1178 62.64856 
406.5 0.1195 62.00837 
407.5 0.1004 59.96016 
408.5 0.1171 58.58241 
409.5 0.1148 58.44948 
410.5 0.1032 58.72093 
411.5 0.1105 58.19005 
412.5 0.1205 57.75934 
413.5 0.1121 57.53791 
414.5 0.1113 62.71339 
415.5 0.1083 60.29548 
416.5 0.114 60.35088 
417.5 0.1207 59.73488 
418.5 0.1096 59.67153 
419.5 0.1174 61.41397 
420.5 0.0956 62.86611 
421.5 0.1052 64.25856 
422.5 0.0984 64.12602 
423.5 0.1007 64.54816 
424.5 0.1248 64.26282 
425.5 0.0939 60.91587 
254 
 
426.5 0.0844 64.09953 
427.5 0.1119 65.77301 
428.5 0.097 66.39175 
429.5 0.0832 68.38942 
430.5 0.1252 68.45048 
431.5 0.0708 66.24294 
432.5 0.0934 64.13276 
433.5 0.1003 64.10768 
434.5 0.1071 60.5042 
435.5 0.121 58.59504 
436.5 0.089 60.22472 
437.5 0.1092 61.44689 
438.5 0.1236 64.23948 
439.5 0.1024 67.28516 
440.5 0.1125 69.86667 
441.5 0.0967 69.28645 
442.5 0.1129 68.20195 
443.5 0.1242 67.71337 
444.5 0.1508 67.90451 
445.5 0.1201 67.86012 
446.5 0.1242 67.95491 
447.5 0.1251 67.78577 
448.5 0.1358 66.7894 
449.5 0.1287 65.03497 
450.5 0.1346 65.15602 
451.5 0.1167 66.06684 
452.5 0.1477 62.15301 
453.5 0.1389 55.07559 
454.5 0.1532 53.5248 
455.5 0.2113 46.04827 
456.5 0.1647 51.97328 
457.5 0.1727 54.14013 
458.5 0.1715 56.73469 
459.5 0.1246 68.53933 
460.5 0.1575 61.5873 
461.5 0.1163 58.29751 
462.5 0.1565 57.1885 
463.5 0.1513 57.76603 
464.5 0.1238 59.2084 
465.5 0.1452 64.2562 
466.5 0.145 62.62069 
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467.5 0.1228 63.27362 
468.5 0.1443 60.01386 
469.5 0.1327 62.09495 
470.5 0.1049 66.82555 
471.5 0.1236 65.04854 
472.5 0.1225 64.40816 
473.5 0.1224 65.60458 
474.5 0.1187 66.80708 
475.5 0.1149 69.27763 
476.5 0.1081 67.53006 
477.5 0.1174 64.9063 
478.5 0.0962 66.32017 
479.5 0.0957 68.02508 
480.5 0.0875 67.65714 
481.5 0.0832 67.54808 
482.5 0.0953 69.35992 
483.5 0.1202 70.54908 
484.5 0.1043 70.66155 
485.5 0.1002 71.55689 
486.5 0.1185 70.97046 
487.5 0.1245 70.84337 
488.5 0.1112 72.48201 
489.5 0.1102 70.7804 
490.5 0.1037 70.20251 
491.5 0.1017 70.50147 
492.5 0.1051 70.31399 
493.5 0.0975 70.97436 
494.5 0.1055 71.09005 
495.5 0.106 70.9434 
496.5 0.1091 72.22731 
497.5 0.1132 72.61484 
498.5 0.1089 72.45179 
499.5 0.0893 71.8925 
500.5 0.1123 72.21728 
501.5 0.1027 72.73612 
502.5 0.1044 72.12644 
503.5 0.1152 71.18056 
504.5 0.1048 70.22901 
505.5 0.1238 71.16317 
506.5 0.1231 70.91795 
507.5 0.1225 71.42857 
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508.5 0.13 70.84615 
509.5 0.1099 68.51683 
510.5 0.1236 67.63754 
511.5 0.1152 66.31944 
512.5 0.1413 65.39278 
513.5 0.1368 64.69298 
514.5 0.1343 63.7379 
515.5 0.1436 64.76323 
516.5 0.1084 66.69742 
517.5 0.1094 65.17367 
518.5 0.1373 65.11289 
519.5 0.1262 64.42155 
520.5 0.1381 62.78059 
521.5 0.1314 61.41553 
522.5 0.1491 58.48424 
523.5 0.1753 52.76669 
524.5 0.196 42.44898 
525.5 0.1864 46.51288 
526.5 0.1548 60.01292 
527.5 0.1519 61.02699 
528.5 0.119 72.52101 
529.5 0.1332 73.57357 
530.5 0.1418 73.06065 
531.5 0.1201 72.02331 
532.5 0.1167 72.15081 
533.5 0.1409 76.934 
534.5 0.1447 76.50311 
535.5 0.1441 75.78071 
536.5 0.126 75.55556 
537.5 0.1461 75.22245 
538.5 0.1382 75.1809 
539.5 0.1545 75.40453 
540.5 0.1232 74.10714 
541.5 0.1245 71.96787 
542.5 0.1766 69.76217 
543.5 0.1387 70.65609 
544.5 0.1307 71.76741 
545.5 0.1307 71.76741 
546.5 0.1462 73.39261 
547.5 0.1305 71.341 
548.5 0.1365 72.74725 
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549.5 0.1457 72.8895 
550.5 0.1114 73.87792 
551.5 0.1222 73.48609 
552.5 0.1193 72.75775 
553.5 0.14 72.35714 
554.5 0.1584 71.08586 
555.5 0.1355 68.85609 
556.5 0.1765 67.76204 
557.5 0.161 68.07453 
558.5 0.1713 69.23526 
559.5 0.1428 70.09804 
560.5 0.1509 69.31743 
561.5 0.1236 69.25566 
562.5 0.1379 72.80638 
563.5 0.1769 70.26569 
564.5 0.1447 68.14098 
565.5 0.1566 67.24138 
566.5 0.1407 64.88984 
567.5 0.1452 62.53444 
568.5 0.1894 59.2397 
569.5 0.1947 55.82948 
570.5 0.1942 53.91349 
571.5 0.1742 52.1814 
572.5 0.2101 52.35602 
573.5 0.1887 50.34446 
574.5 0.2471 45.64953 
575.5 0.1873 40.6834 
576.5 0.2974 34.83524 
577.5 0.381 30.07874 
578.5 0.7253 23.83841 
579.5 0.1493 30.27461 
580.5 0.4163 20.17776 
581.5 0.3835 23.36375 
582.5 0.3484 23.13433 
583.5 0.3332 23.85954 
584.5 0.3741 24.91312 
585.5 0.3548 23.28072 
586.5 0.3983 22.01858 
587.5 0.3525 22.97872 
588.5 0.2856 21.84874 
589.5 0.3602 22.01555 
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590.5 0.3784 21.61734 
591.5 0.3438 22.80396 
592.5 0.2369 30.35036 
593.5 0.1272 52.67296 
594.5 0.1183 58.57988 
595.5 0.136 53.16176 
596.5 0.1499 54.90327 
597.5 0.1646 53.94897 
598.5 0.1218 52.05255 
599.5 0.1428 54.41176 
600.5 0.1316 53.7234 
601.5 0.154 52.92208 
602.5 0.1622 50.98644 
603.5 0.1549 53.19561 
604.5 0.1248 56.25 
605.5 0.1323 56.68934 
606.5 0.1404 55.12821 
607.5 0.1251 52.35811 
608.5 0.1319 48.82487 
609.5 0.1688 46.09005 
610.5 0.1909 46.2022 
611.5 0.1938 48.14241 
612.5 0.178 48.93258 
613.5 0.1847 47.91554 
614.5 0.1551 52.67569 
615.5 0.1241 66.39807 
616.5 0.156 56.98718 
617.5 0.1491 60.2951 
618.5 0.1234 56.72609 
619.5 0.1511 54.2687 
620.5 0.1693 51.03367 
621.5 0.2168 40.08303 
622.5 0.2006 45.71286 
623.5 0.3053 39.79692 
624.5 0.2571 29.67717 
625.5 0.2004 44.96008 
626.5 0.146 53.0137 
627.5 0.151 50.06623 
628.5 0.119 54.87395 
629.5 0.1411 54.85471 
630.5 0.1712 51.0514 
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631.5 0.1489 50.83949 
632.5 0.18 49.94444 
633.5 0.2013 43.31843 
634.5 0.1779 39.40416 
635.5 0.2027 39.36852 
636.5 0.1899 36.75619 
637.5 0.2208 34.375 
638.5 0.1976 35.02024 
639.5 0.1974 34.14387 
640.5 0.1877 37.02717 
641.5 0.1605 38.56698 
642.5 0.2126 39.46378 
643.5 0.1918 40.7195 
644.5 0.1582 41.90898 
645.5 0.2027 44.00592 
646.5 0.1767 46.80249 
647.5 0.1919 50.02606 
648.5 0.1711 42.95733 
649.5 0.2523 37.77249 
650.5 0.2945 32.05433 
651.5 0.3268 28.27417 
652.5 0.3712 25.83513 
653.5 0.3842 25.37741 
654.5 0.3385 30.13294 
655.5 0.3136 31.28189 
656.5 0.3552 29.98311 
657.5 0.3078 32.52112 
658.5 0.2716 31.40648 
659.5 0.3721 26.63263 
660.5 0.3867 26.24774 
661.5 0.2885 31.19584 
662.5 0.3199 31.25977 
663.5 0.3015 33.39967 
664.5 0.218 31.10092 
665.5 0.2992 30.48128 
666.5 0.315 29.80952 
667.5 0.2897 31.0321 
668.5 0.3063 27.81587 
669.5 0.3408 26.14437 
670.5 0.3851 23.60426 
671.5 0.3275 26.0458 
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672.5 0.3484 9.7876 
673.5 0.3637 42.67253 
674.5 0.3768 22.39915 
675.5 0.3569 24.01233 
676.5 0.4037 24.47362 
677.5 0.3654 25.8347 
678.5 0.2752 24.38227 
679.5 0.3824 25.1569 
680.5 0.443 23.06998 
681.5 0.4798 19.02876 
682.5 0.5234 16.54566 
683.5 0.5076 17.11978 
684.5 0.4027 21.40551 
685.5 0.4014 25.53563 
686.5 0.3788 25.81837 
687.5 0.4629 24.45453 
688.5 0.4032 21.20536 
689.5 0.547 16.87386 
690.5 0.6729 15.12855 
691.5 0.5884 16.19646 
692.5 0.5286 21.96368 
693.5 0.5623 21.10973 
694.5 0.5686 17.56947 
695.5 0.746 11.68901 
696.5 0.6465 12.4826 
697.5 0.7017 14.03734 
698.5 0.6545 12.65088 
699.5 0.7792 12.24333 
700.5 0.8542 10.38399 
701.5 0.7692 11.51846 
702.5 0.1893 25.25092 
703.5 0.3017 31.09049 
704.5 0.3475 28.51799 
705.5 0.6532 14.17636 
706.5 0.768 10.11719 
707.5 0.7208 10.01665 
708.5 0.711 11.60338 
709.5 0.8671 11.5327 
710.5 0.8128 10.76526 
711.5 1.0266 8.932398 
712.5 1.0316 7.047305 
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713.5 0.9906 6.289118 
714.5 1.1761 5.195136 
715.5 1.344 3.43006 
716.5 1.8276 2.434887 
717.5 2.0084 1.951802 
718.5 2.0994 1.776698 
719.5 1.8987 1.932901 
720.5 2.534 1.361484 
721.5 4.0259 0.784918 
722.5 1.616 1.027228 
723.5 1.9816 0.862939 
724.5 2.7954 0.933677 
725.5 4.2914 0.643147 
726.5 2.2538 1.069305 
727.5 2.1902 0.963382 
733.5 4.2883 1.249913 
738.5 2.8945 0.981171 
743.5 2.8318 0.886362 
748.5 2.4648 0.819539 
753.5 2.431 0.806253 
758.5 2.6435 0.85871 
763.5 3.3091 0.537911 
768.5 1.88 0.893617 
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Appendix III: Data associated with Chapter 3 
Table A.3.1.  Titus Bog Loss-on-ignition data 
Core Depth 
Density 
(g/cm3) 
Organic 
(%) 
Carbonate 
(%) 
1 81 0.0764 97.3822 NA 
1 86 0.06925 97.25632 NA 
1 91 0.0702 97.00855 NA 
1 95 0.0782 97.05882 NA 
1 101 0.06995 97.35525 NA 
1 106 0.05395 96.29286 NA 
1 110 0.06375 96.62745 NA 
1 115 0.05695 96.57594 NA 
1 121 0.06515 96.54643 NA 
1 125 0.06405 97.26776 NA 
1 132 0.068 96.47059 NA 
1 135 0.0611 95.58101 NA 
1 139 0.05655 94.69496 NA 
1 143 0.06075 94.5679 NA 
1 147 0.0595 94.53782 NA 
1 151 0.06145 94.30431 NA 
     2 106 0.06035 98.26015 NA 
2 111 0.06565 97.33435 NA 
2 116 0.0688 97.23837 NA 
2 121 0.0623 97.67255 NA 
2 126 0.06735 97.99555 NA 
2 131 0.07785 96.91715 NA 
2 140 0.0854 95.90164 NA 
2 145 0.08135 94.65274 NA 
2 150 0.0523 91.20459 NA 
2 155 0.04635 92.23301 NA 
2 161 0.0433 90.99307 NA 
2 166 0.04345 92.17491 NA 
     3 74 0.08145 96.43953 NA 
3 79 0.0644 96.81677 NA 
3 84 0.07 97 NA 
3 89 0.054 97.03704 NA 
3 93 0.07415 97.57249 NA 
3 104 0.07335 93.3197 NA 
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3 109 0.0565 91.9469 NA 
3 114 0.0432 91.08796 NA 
3 119 0.0461 91.10629 NA 
3 124 0.04615 91.00758 NA 
3 129 0.0407 92.13759 NA 
3 134 0.0387 91.21447 NA 
     4 0.5 0.140967 92.7406 0.331048 
4 1.5 0.131267 93.67699 0.330117 
4 2.5 0.145 96.62069 0.275862 
4 3.5 0.1294 96.57393 0.206079 
4 4.5 0.147833 94.16009 0.360767 
4 5.5 0.1287 95.079 0.2849 
4 6.5 0.130967 95.49504 0.203614 
4 7.5 0.1265 94.62451 0.158103 
4 8.5 0.129733 87.3073 0.256937 
4 9.5 0.115233 77.84206 0.549609 
4 10.5 0.117967 79.45747 0.621645 
4 11.5 0.0979 87.77664 0.40858 
4 12.5 0.079933 93.11927 0.58382 
4 13.5 0.081967 97.39732 0.406669 
4 14.5 0.065833 97.46835 0.506329 
4 15.5 0.0776 96.95017 0.601375 
4 16.5 0.071067 97.27955 0.562852 
4 17.5 0.068033 97.84419 0.44096 
4 18.5 0.064167 98.44156 0.727273 
4 19.5 0.067967 98.62678 0.196175 
4 20.5 0.0612 98.36601 0.599129 
4 21.5 0.053867 97.89604 0 
4 22.5 0.0692 98.4104 0.04817 
4 23.5 0.0592 98.47973 0.281532 
4 24.5 0.0543 98.15838 0.491099 
4 25.5 0.0443 98.19413 0.300978 
4 26.5 0.042233 98.42147 0.394633 
4 27.5 0.058033 98.33429 0.402068 
4 28.5 0.039333 97.79661 1.016949 
4 29.5 0.060667 98.02198 0.494505 
4 30.5 0.0621 97.85293 0.268384 
4 31.5 0.045867 97.74709 0.581395 
4 33.5 0.039633 97.56098 0.756939 
4 34.5 0.042767 97.03819 0.701481 
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4 35.5 0.047867 96.58774 1.32312 
4 36.5 0.0485 97.38832 0.893471 
4 37.5 0.051 96.33987 0.457516 
4 38.5 0.048167 97.30104 0.484429 
4 39.5 0.0549 97.38919 0.607165 
4 40.5 0.034633 97.59384 0.384986 
4 41.5 0.044267 97.21386 0.60241 
4 42.5 0.0462 97.114 0.4329 
4 43.5 0.041 96.99187 0.487805 
4 44.5 0.054167 97.41538 -0.06154 
4 45.5 0.055867 96.53938 0.417661 
4 46.5 0.0539 96.04205 0.494743 
4 47.5 0.053933 95.98269 0.309023 
4 48.5 0.0616 96.5368 0.378788 
4 49.5 0.0609 96.22332 0.218938 
4 50.5 0.075467 96.59894 0.265018 
4 51.5 0.0844 96.16904 0.236967 
4 52.5 0.0702 96.10636 0.14245 
4 53.5 0.093567 96.6156 0.106876 
4 54.5 0.082967 96.7055 0.080354 
4 55.5 0.073033 96.21178 -0.04564 
4 56.5 0.0651 96.41577 -0.0512 
4 57.5 0.0595 97.14286 -0.11204 
4 58.5 0.0634 97.10831 0.105152 
4 59.5 0.0515 96.69903 0.711974 
4 60.5 0.062767 96.54806 0.637281 
4 61.5 0.0535 96.63551 0.623053 
4 62.5 0.062933 96.98093 0.476695 
4 63.5 0.054133 96.55172 0.800493 
4 64.5 0.045333 97.05882 0.220588 
4 65.5 0.066667 96.7 0.25 
4 66.5 0.072833 96.70481 0.228833 
4 67.5 0.071167 96.5808 0.140515 
4 68.5 0.057633 97.05032 0.173511 
4 69.5 0.079067 97.34401 0.252951 
4 70.5 0.0876 97.75495 0.304414 
4 71.5 0.0781 97.56722 0.256082 
4 72.5 0.064767 96.65466 0.411734 
4 73.5 0.062767 96.8136 0.424854 
4 74.5 0.063 96.45503 0.42328 
4 75.5 0.07 96.85714 0.52381 
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4 76.5 0.0605 96.63912 0.716253 
4 77.5 0.054433 96.81568 0.489896 
4 78.5 0.0607 96.81494 0.494234 
4 79.5 0.0563 97.09888 0.473653 
4 80.5 0.0644 96.73913 0.672878 
4 81.5 0.062033 96.72219 0.483611 
4 82.5 0.071233 95.6949 0.561535 
4 83.5 0.052 95.89744 0.384615 
4 84.5 0.061233 96.29831 0.707676 
4 85.5 0.0538 96.28253 0.805452 
4 86.5 0.059967 96.38688 0.77821 
4 87.5 0.055467 96.875 0.480769 
4 88.5 0.070133 96.86312 0.522814 
4 89.5 0.062567 97.2829 0.479489 
4 90.5 0.072933 97.16636 0.822669 
4 91.5 0.066167 97.2796 0.554156 
4 92.5 0.073933 95.80703 0.586114 
4 93.5 0.0605 97.13499 0.77135 
4 94.5 0.053267 97.05882 0.68836 
4 95.5 0.059067 96.4447 0.846501 
4 96.5 0.083067 97.15088 0.722311 
4 97.5 0.0581 97.36087 0.803213 
4 98.5 0.081433 97.33934 0.695866 
4 99.5 0.050833 97.90164 0.852459 
4 100.5 0.059867 97.49443 0 
4 101.5 0.061867 97.46767 0.862069 
4 102.5 0.063133 97.62408 1.003168 
4 103.5 0.067233 97.37234 0.495786 
4 104.5 0.053833 97.21362 
 4 105.5 0.0571 97.66492 0.758903 
4 106.5 0.064767 97.01493 0.411734 
4 107.5 0.055833 97.13433 0.358209 
4 108.5 0.0617 96.54241 0.756348 
4 109.5 0.0539 96.5368 0.927644 
4 110.5 0.0575 96.46377 0.753623 
4 111.5 0.056667 96.58824 0.941176 
4 112.5 0.067067 96.27237 0.84493 
4 113.5 0.069367 96.15569 1.057184 
4 114.5 0.082867 96.46018 0.76428 
4 115.5 0.099967 96.66556 0.666889 
4 116.5 0.076833 96.78959 0.780911 
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4 117.5 0.071267 96.72591 0.795136 
4 118.5 0.072867 97.25526 0.503202 
4 119.5 0.075567 97.26511 0.308778 
4 120.5 0.068567 97.61789 0.194458 
4 121.5 0.073967 98.06219 0.045065 
4 122.5 0.074567 97.80957 0.178811 
4 123.5 0.0652 97.59714 0.306748 
4 124.5 0.0688 97.23837 0.096899 
4 125.5 0.064467 96.79421 0.258532 
4 126.5 0.0583 97.4271 0.114351 
4 127.5 0.0633 97.57767 0.052659 
4 128.5 0.056733 97.53231 0 
4 129.5 0.059767 98.32683 -0.33463 
4 130.5 0.0712 97.51873 0.280899 
4 131.5 0.064967 97.5372 0.256542 
4 132.5 0.073967 97.25101 0.450653 
4 133.5 0.057933 97.29574 0.402762 
4 134.5 0.062433 97.97117 0.213561 
4 135.5 0.055 97.51515 0.545455 
4 136.5 0.059933 98.10901 0.333704 
4 137.5 0.0655 98.3715 0.458015 
4 138.5 0.065167 98.00512 0.460358 
4 139.5 0.0666 98.3984 0.1001 
4 140.5 0.0704 98.15341 0.094697 
4 141.5 0.061933 97.4704 0.376749 
4 142.5 0.0715 98.04196 0.18648 
4 143.5 0.0549 97.93564 0.425015 
4 144.5 0.085233 98.08369 0.391083 
4 145.5 0.072433 97.74505 0.322135 
4 146.5 0.073233 96.7228 0.227583 
4 147.5 0.052767 95.70436 0.379027 
4 148.5 0.058333 96.74286 0.457143 
4 149.5 0.066333 96.38191 0.301508 
4 150.5 0.069567 97.41255 0.047916 
4 151.5 0.056367 96.15612 0.295683 
4 152.5 0.0563 95.08585 0.236827 
4 153.5 0.0437 94.27918 0.762777 
4 154.5 0.056967 95.20187 0.994734 
4 155.5 0.061433 94.62832 0.86815 
4 156.5 0.087867 95.59939 0.417299 
4 157.5 0.044167 93.0566 1.056604 
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4 158.5 0.0421 93.42835 0.712589 
4 159.5 0.046567 93.98712 0.71582 
4 160.5 0.053367 94.00375 0.811993 
4 161.5 0.053333 93.375 0.8125 
4 162.5 0.0523 93.37157 0.637349 
4 163.5 0.0581 93.05795 0.860585 
4 164.5 0.049333 93.10811 1.554054 
4 165.5 0.048067 92.92649 1.10957 
4 166.5 0.049267 93.30176 0.811908 
4 167.5 0.0469 93.03483 0.923952 
4 168.5 0.050067 92.87617 1.131824 
4 169.5 0.0481 92.79279 0.900901 
4 170.5 0.0463 93.16055 0.935925 
4 171.5 0.0467 92.71949 1.284797 
4 172.5 0.047933 92.83727 1.32128 
4 173.5 0.045733 92.20117 1.749271 
4 174.5 0.048833 93.03754 1.228669 
4 175.5 0.046767 92.44476 0.784034 
4 177.5 0.0449 92.2049 0.965108 
4 178.5 0.046633 92.42316 0.857756 
4 179.5 0.0471 91.71975 0.9908 
4 180.5 0.047367 92.39972 0.774103 
4 181.5 0.0468 92.66382 0.356125 
4 182.5 0.048267 92.6105 0.690608 
4 183.5 0.046933 91.97443 0.852273 
4 184.5 0.046633 91.63688 0.786276 
4 185.5 0.043867 91.2614 1.06383 
4 186.5 0.045333 91.25 0.661765 
4 187.5 0.0469 91.68443 0.781805 
4 188.5 0.044767 91.586 0.967982 
4 189.5 0.043067 91.25387 0.851393 
4 190.5 0.0444 91.06607 0.900901 
4 191.5 0.0472 91.38418 1.341808 
4 192.5 0.0436 90.67278 1.452599 
4 193.5 0.043667 90.99237 1.221374 
4 194.5 0.043267 90.52388 1.309707 
4 195.5 0.0456 90.86257 1.315789 
4 196.5 0.044567 90.42633 0.972326 
4 197.5 0.045533 90.19034 0.805271 
4 198.5 0.044267 89.60843 0.753012 
4 199.5 0.042267 88.01262 1.419558 
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4 200.5 0.047467 87.85112 1.615169 
4 201.5 0.0478 88.42399 1.25523 
4 202.5 0.044467 89.2054 1.274363 
4 203.5 0.0435 89.04215 1.37931 
4 204.5 0.047833 89.19861 1.324042 
4 205.5 0.045433 89.3617 1.027146 
4 206.5 0.042367 88.90637 1.022817 
4 207.5 0.0469 89.1258 1.847903 
4 208.5 0.0466 88.48355 0.858369 
4 209.5 0.045367 88.24394 1.689934 
     5 0.5 0.0812 90.68144 NA 
5 1.5 0.0812 90.68144 NA 
5 2.5 0.081633 84.93263 NA 
5 3.5 0.0846 86.36722 NA 
5 4.5 0.0821 86.68291 NA 
5 5.5 0.085933 86.88906 NA 
5 6.5 0.102167 86.36215 NA 
5 7.5 0.0954 85.15024 NA 
5 8.5 0.1132 82.09658 NA 
5 9.5 0.1348 81.37982 NA 
5 10.5 0.1214 84.95332 NA 
5 11.5 0.106 88.49057 NA 
5 12.5 0.0829 88.82187 NA 
5 13.5 0.086667 93.80769 NA 
5 14.5 0.083133 94.18605 NA 
5 15.5 0.074933 93.90569 NA 
5 16.5 0.0734 92.23433 NA 
5 17.5 0.0886 91.76072 NA 
5 18.5 0.1045 93.49282 NA 
5 19.5 0.0931 95.02327 NA 
5 20.5 0.084267 95.13449 NA 
5 21.5 0.066233 93.80976 NA 
5 22.5 0.092033 95.364 NA 
5 23.5 0.0773 94.73911 NA 
5 24.5 0.0704 94.93371 NA 
5 25.5 0.063733 95.08368 NA 
5 26.5 0.072033 94.81721 NA 
5 27.5 0.066467 95.83751 NA 
5 28.5 0.061267 95.48422 NA 
5 29.5 0.064733 95.62307 NA 
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5 30.5 0.078433 96.26009 NA 
5 31.5 0.086867 97.12203 NA 
5 32.5 0.082 96.13821 NA 
5 33.5 0.0798 96.44946 NA 
5 34.5 0.068033 96.6683 NA 
5 35.5 0.065267 97.19101 NA 
5 36.5 0.075467 97.30565 NA 
5 37.5 0.068767 96.89772 NA 
5 38.5 0.0915 96.97632 NA 
5 39.5 0.0609 96.55172 NA 
5 40.5 0.20613 28.76825 NA 
5 41.5 0.061733 96.00432 NA 
5 42.5 0.0733 96.90769 NA 
5 43.5 0.057533 96.40788 NA 
5 44.5 0.059933 96.60734 NA 
5 45.5 0.063133 96.67371 NA 
5 46.5 0.0661 96.52042 NA 
5 47.5 0.0557 96.7684 NA 
5 48.5 0.066567 97.7967 NA 
5 49.5 0.068933 97.77563 NA 
5 50.5 0.068967 97.34171 NA 
5 51.5 0.074567 96.96021 NA 
5 52.5 0.0888 97.63514 NA 
5 53.5 0.065533 97.71109 NA 
5 54.5 0.0642 97.50779 NA 
5 55.5 0.067167 97.76675 NA 
5 56.5 0.068533 98.29767 NA 
5 57.5 0.059967 98.33241 NA 
5 58.5 0.062333 98.02139 NA 
5 59.5 0.0713 98.03647 NA 
5 60.5 0.0833 98.63946 NA 
5 61.5 0.068033 98.04018 NA 
5 62.5 0.073433 98.09351 NA 
5 67.5 0.078267 94.46337 NA 
5 68.5 0.0818 94.25428 NA 
5 69.5 0.053633 98.50839 NA 
5 70.5 0.063267 97.99789 NA 
5 71.5 0.057833 97.98271 NA 
5 72.5 0.0689 98.40348 NA 
5 73.5 0.063467 98.37185 NA 
5 74.5 0.063833 98.6423 NA 
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5 75.5 0.0671 98.46001 NA 
5 76.5 0.072033 98.01018 NA 
5 77.5 0.0641 97.24389 NA 
5 79.5 0.063567 91.13791 NA 
5 80.5 0.068033 96.42332 NA 
5 81.5 0.0549 96.6606 NA 
5 82.5 0.0605 96.41873 NA 
5 83.5 0.060067 95.17203 NA 
5 84.5 0.0663 95.32428 NA 
5 85.5 0.066367 94.57559 NA 
5 86.5 0.063533 92.9171 NA 
     6 0.5 0.095433 91.89661 NA 
6 1.5 0.0855 90.44834 NA 
6 2.5 0.107233 92.32204 NA 
6 3.5 0.0728 94.32234 NA 
6 4.5 0.0765 92.33115 NA 
6 5.5 0.0946 93.26991 NA 
6 6.5 0.091767 93.82492 NA 
6 7.5 0.0898 92.91017 NA 
6 8.5 0.0972 91.42661 NA 
6 9.5 0.088233 86.02191 NA 
6 10.5 0.096467 89.49551 NA 
6 11.5 0.089633 84.52956 NA 
6 12.5 0.102267 86.37549 NA 
6 13.5 0.109167 86.47328 NA 
6 14.5 0.111867 82.83671 NA 
6 15.5 0.1017 84.39856 NA 
6 16.5 0.1179 87.72971 NA 
6 17.5 0.0896 89.84375 NA 
6 18.5 0.078833 93.95349 NA 
6 19.5 0.080133 94.09318 NA 
6 20.5 0.0788 93.86633 NA 
6 21.5 0.0769 94.71175 NA 
6 22.5 0.085967 95.65723 NA 
6 23.5 0.068267 95.36133 NA 
6 24.5 0.062333 94.38503 NA 
6 25.5 0.068 96.12745 NA 
6 26.5 0.061033 95.74003 NA 
6 27.5 0.054633 95.241 NA 
6 28.5 0.064867 95.68345 NA 
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6 29.5 0.056133 95.30879 NA 
6 30.5 0.063933 95.30761 NA 
6 31.5 0.057367 95.06101 NA 
6 32.5 0.078367 95.61889 NA 
6 33.5 0.074733 96.52096 NA 
6 34.5 0.077 96.5368 NA 
6 35.5 0.079033 96.7946 NA 
6 36.5 0.077967 96.45147 NA 
6 37.5 0.0629 96.3964 NA 
6 38.5 0.076 96.18421 NA 
6 39.5 0.087567 96.11724 NA 
6 40.5 0.087333 96.41221 NA 
6 41.5 0.088833 96.4728 NA 
6 42.5 0.0826 96.69088 NA 
6 43.5 0.084967 96.90075 NA 
6 44.5 0.087667 97.41445 NA 
6 45.5 0.071667 96.97674 NA 
6 46.5 0.073333 96.81818 NA 
6 47.5 0.074467 97.0009 NA 
6 48.5 0.0522 96.67944 NA 
6 49.5 0.0668 97.10579 NA 
6 50.5 0.074667 96.875 NA 
6 51.5 0.070833 96.8 NA 
6 52.5 0.069267 96.87199 NA 
6 53.5 0.062167 96.51475 NA 
6 54.5 0.084433 96.80221 NA 
6 55.5 0.060067 96.83685 NA 
6 56.5 0.060067 96.83685 NA 
6 58.5 0.0649 96.45609 NA 
6 59.5 0.052967 96.41284 NA 
6 60.5 0.0451 96.08278 NA 
6 61.5 0.053233 96.24296 NA 
6 62.5 0.064467 96.48397 NA 
6 63.5 0.052933 96.41058 NA 
6 64.5 0.044533 97.30539 NA 
6 65.5 0.0572 97.02797 NA 
6 66.5 0.056867 97.06917 NA 
6 67.5 0.071833 97.95824 NA 
6 68.5 0.0691 97.49156 NA 
6 69.5 0.071667 97.48837 NA 
6 70.5 0.0677 97.53816 NA 
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6 71.5 0.0663 97.23479 NA 
6 72.5 0.0611 97.70867 NA 
6 73.5 0.0495 96.9697 NA 
6 74.5 0.054033 97.53239 NA 
6 75.5 0.061733 97.35421 NA 
6 76.5 0.064933 96.66324 NA 
6 77.5 0.0677 97.14426 NA 
6 78.5 0.0809 97.03337 NA 
6 79.5 0.083167 97.67535 NA 
6 80.5 0.077167 96.97624 NA 
6 81.5 0.075133 97.24933 NA 
6 82.5 0.0685 95.76642 NA 
6 83.5 0.0751 96.53795 NA 
6 84.5 0.062867 96.28844 NA 
6 85.5 0.061933 95.69429 NA 
6 86.5 0.0579 95.85492 NA 
6 87.5 0.0621 95.65217 NA 
6 88.5 0.051267 93.88817 NA 
6 89.5 0.055833 93.55224 NA 
6 90.5 0.051767 92.91693 NA 
6 91.5 0.055233 92.57695 NA 
6 92.5 0.0571 92.81961 NA 
6 93.5 0.055633 90.89275 NA 
6 94.5 0.0461 91.32321 NA 
6 95.5 0.0466 91.20172 NA 
6 96.5 0.046433 90.73941 NA 
6 97.5 0.047333 90.56338 NA 
     7 106 0.0765 97.77778 NA 
7 111 0.07525 96.41196 NA 
7 116 0.081 96.60494 NA 
7 121 0.08215 96.46987 NA 
7 126 0.09265 96.06044 NA 
7 129 0.0795 95.15723 NA 
7 136 0.06155 95.45085 NA 
7 146 0.05805 96.81309 NA 
7 160 0.0645 96.51163 NA 
7 170 0.0623 96.54896 NA 
7 180 0.0581 95.26678 NA 
7 190 0.0528 96.30682 NA 
7 201 0.04665 93.14041 NA 
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Table A.3.2. Macrofossil data and linearly interpolated, z-score standardized loss-on-
ignition data from Titus Bog.  Note the “0” denotes absence and “1” denotes presence. 
Core  Depth Najas 
seeds 
Nuph-
ar seeds 
Cypera-
ceae 
fruits 
Drepan-
cadus  
spp. 
Sphag-
num 
spp.  
Bulk 
density 
Organic 
matter 
1 97.5 0 0 0 0 1 2.4727 1.0058 
1 102.5 0 0 1 0 1 0.4257 0.8142 
1 107.5 0 0 1 0 1 -1.1768 0.0017 
7 211 0.04475 92.51397 NA 
7 216 0.0459 91.39434 NA 
     8 95 0.06835 97.58595 NA 
8 100 0.0692 error NA 
8 105 0.05905 97.96782 NA 
8 110 0.0317 94.95268 NA 
8 111 0.0519 error NA 
8 118 0.0482 error NA 
8 120 0.0343 95.33528 NA 
8 124 0.07565 97.75281 NA 
8 130 0.0579 93.86874 NA 
8 135 0.04475 91.84358 NA 
8 140 0.04445 91.45107 NA 
8 140 0.0426 92.01878 NA 
8 145 0.04045 91.71817 NA 
     9 114 0.06345 97.00552 NA 
9 119 0.0596 97.23154 NA 
9 127 0.06925 97.47292 NA 
9 134 0.059 97.88136 NA 
9 139 0.0571 95.70928 NA 
9 145 0.06485 97.68697 NA 
9 149 0.05405 97.3173 NA 
9 154 0.053 96.88679 NA 
9 159 0.0488 95.38934 NA 
9 164 0.0416 93.02885 NA 
9 169 0.0448 93.63839 NA 
9 174 0.0444 91.89189 NA 
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1 112.5 0 0 1 0 1 -0.5965 0.2428 
1 116.5 0 0 1 0 1 -0.884 0.1992 
1 119.5 0 0 0 0 0 -0.0109 0.1798 
1 123.5 0 0 1 0 0 0.2792 0.7626 
1 124.5 1 0 1 0 0 0.2207 0.9996 
1 126.5 1 0 1 0 0 0.3717 0.8936 
1 131.5 0 1 0 0 0 0.9725 0.1453 
1 133.2 1 0 1 0 0 0.4448 -0.3972 
1 134.5 0 1 0 0 0 -0.1919 -0.9038 
1 137.5 1 0 1 0 0 -1.0424 -1.8264 
1 138.5 1 0 1 0 0 -1.2846 -2.1175 
         2 126.5 0 0 1 0 1 0.299 1.9361 
2 131.5 0 0 0 0 1 0.9499 1.4655 
2 136.5 0 0 0 1 1 1.2265 1.207 
2 141.5 0 0 0 1 1 1.34 0.8544 
2 143.5 0 0 0 1 0 1.2331 0.6255 
2 145.5 0 0 0 1 0 0.9615 0.2959 
2 146.5 0 0 0 1 0 0.5783 -0.0201 
2 147.5 0 0 1 1 0 0.1952 -0.336 
2 149.5 0 1 0 0 0 -0.5711 -0.968 
2 150.5 0 0 1 1 0 -0.8019 -1.0788 
2 151.5 0 0 0 0 0 -0.8804 -0.9846 
2 153.5 0 0 1 0 0 -1.0373 -0.7961 
2 154.5 0 0 1 1 0 -1.1158 -0.7019 
2 155.5 0 0 0 0 0 -1.1718 -0.7021 
2 156.5 0 1 1 0 0 -1.2053 -0.7968 
         3 78.5 0 0 0 0 1 -0.0694 0.9759 
3 84.5 0 0 0 0 1 0.2513 1.0843 
3 88.5 0 0 0 1 1 -1.5375 1.0986 
3 96.5 0 0 1 1 1 1.0192 0.7057 
3 100 0 0 1 0 1 0.9836 0.0525 
3 103.5 0 1 0 0 0 0.9481 -0.6007 
3 105.5 0 0 0 0 0 0.2366 -0.8928 
3 106.5 0 0 0 0 0 -0.2343 -1.0254 
3 109.5 0 1 0 0 0 -1.5975 -1.3982 
         4 5.5 0 0 1 0 1 3.2709 -0.3023 
4 10.5 0 0 1 0 0 2.7089 -5.1118 
4 15.5 0 0 0 0 1 0.5954 0.2737 
4 20.5 0 0 0 0 1 -0.2632 0.7096 
4 25.5 0 0 0 0 1 -1.1480 0.6567 
4 30.5 0 0 0 0 1 -0.2161 0.5517 
4 35.5 0 0 0 0 1 -0.9613 0.1621 
4 40.5 0 0 0 0 1 -1.6542 0.4719 
4 45.5 0 0 1 0 1 -0.5424 0.1472 
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4 50.5 0 0 1 0 1 0.4837 0.1656 
4 55.5 0 0 1 0 1 0.3563 0.0464 
4 60.5 0 0 1 0 1 -0.1812 0.1499 
4 65.5 0 0 0 0 1 0.0229 0.1967 
4 70.5 0 0 0 0 1 1.1190 0.5215 
4 75.5 0 0 0 0 1 0.1975 0.2451 
4 80.5 0 0 0 0 1 -0.0956 0.2087 
4 85.5 0 0 0 0 1 -0.6506 0.0682 
4 90.5 0 0 1 0 1 0.3510 0.3403 
4 95.5 0 0 1 0 1 -0.3749 0.1181 
4 100.5 0 0 1 0 1 -0.3330 0.4413 
4 105.5 0 0 1 0 1 -0.4779 0.4938 
4 110.5 0 0 1 0 1 -0.4569 0.1240 
4 115.5 0 0 1 0 1 1.7665 0.1861 
4 120.5 0 0 1 1 1 0.1224 0.4793 
4 125.5 0 0 1 0 1 -0.0922 0.2257 
4 130.5 0 0 1 1 1 0.2603 0.4488 
4 135.5 0 0 0 1 0 -0.5878 0.4477 
4 140.5 0 0 0 0 0 0.2184 0.6442 
4 145.5 0 0 0 0 0 0.3249 0.5184 
4 150.5 0 0 1 1 0 0.1748 0.4161 
4 155.5 0 0 1 1 0 -0.2510 -0.4410 
4 160.5 1 0 0 1 0 -0.6733 -0.6333 
4 165.5 1 0 0 1 0 -0.9508 -0.9650 
4 170.5 1 1 1 0 0 -1.0433 -0.8929 
4 175.5 1 0 1 1 0 -1.0189 -1.1133 
         5 5.5 0 0 1 0 0 0.9099 -2.2717 
5 10.5 0 0 1 0 0 3.2533 -2.8042 
5 15.5 0 0 0 0 1 0.1832 -0.3415 
5 20.5 0 0 0 0 1 0.7998 -0.0035 
5 25.5 0 0 0 0 1 -0.5567 -0.0175 
5 30.5 0 0 0 0 1 0.4144 0.3060 
5 35.5 0 0 0 0 1 -0.4554 0.5621 
5 40.5 0 0 0 0 1 -0.7164 0.3110 
5 45.5 0 0 0 0 1 -0.5964 0.4198 
5 50.5 0 0 0 0 1 -0.2110 0.6036 
5 55.5 0 0 0 0 1 -0.3299 0.7205 
5 60.5 0 0 0 0 1 0.7359 0.9606 
5 65.5 0 0 0 0 1 0.6060 0.7148 
5 70.5 0 0 0 0 1 -0.5876 0.7841 
5 75.5 0 0 0 0 1 -0.3343 0.9112 
5 80.5 0 0 1 0 0 -1.2131 0.1077 
5 85.5 0 0 1 0 0 -0.3828 -0.1572 
5 90.5 0 0 1 0 0 -0.9400 -0.5644 
5 95.5 1 1 1 0 0 -0.5788 -0.2415 
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         6 5.5 0 0 1 0 1 1.4603 -0.4537 
6 10.5 0 0 1 0 1 1.5749 -1.5749 
6 15.5 0 0 1 0 1 1.8962 -3.0890 
6 20.5 0 0 0 0 1 0.4902 -0.2766 
6 25.5 0 0 0 0 1 -0.1727 0.3950 
6 30.5 0 0 0 0 1 -0.4224 0.1515 
6 35.5 0 0 0 0 1 0.5046 0.5932 
6 40.5 0 0 0 0 1 1.0142 0.4796 
6 45.5 0 0 0 0 1 0.0523 0.6473 
6 50.5 0 0 0 0 1 0.236532 0.617114 
6 55.5 0 0 0 0 1 -0.6598 0.6057 
6 60.5 0 0 0 0 1 -1.5787 0.3817 
6 65.5 0 0 0 0 1 -0.8358 0.6625 
6 70.5 0 0 1 0 1 -0.1911 0.8141 
6 75.5 0 0 1 0 1 -0.5575 0.7594 
6 80.5 0 0 1 0 0 0.3900 0.6471 
6 85.5 0 1 0 0 0 -0.5452 0.2663 
6 90.5 0 1 0 0 0 -1.1694 -0.5586 
6 95.5 1 0 0 0 0 -1.4866 -1.0681 
         7 126.5 0 0 0 0 1 2.7502 0.4795 
7 129.5 0 0 0 0 1 1.7143 -0.0639 
7 147.5 0 0 1 0 1 0.0661 1.1262 
7 151.5 0 0 0 0 1 0.222 1.0623 
7 156.1 0 0 0 0 0 0.4014 0.9887 
7 166.5 0 1 1 0 0 0.4324 0.9444 
7 171.5 0 0 0 0 0 0.3139 0.8112 
7 176.5 0 0 0 0 0 0.1362 0.3352 
7 181.5 0 0 1 0 1 -0.0555 0.1178 
7 186.5 0 0 1 0 1 -0.2797 0.5039 
7 191.5 0 0 1 1 1 -0.5077 0.4536 
7 193.5 0 0 1 1 1 -0.6023 0.0261 
7 196.5 0 0 1 1 0 -0.7442 -0.6152 
7 198.5 0 1 0 0 0 -0.8389 -1.0428 
7 201.5 1 0 0 0 0 -0.9652 -1.6004 
7 203.5 1 0 0 0 0 -0.9974 -1.6935 
7 206.5 1 0 0 0 0 -1.0456 -1.833 
         8 111.5 0 0 0 0 1 0.3627 0.8738 
8 112.5 0 0 0 0 1 0.4358 0.8699 
8 118.5 0 0 0 1 1 0.8739 0.8464 
8 119.5 0 0 0 1 1 0.947 0.8424 
8 120.5 0 0 0 1 1 1.02 0.8385 
8 122.5 0 0 0 1 1 1.166 0.8307 
8 130.5 0 1 1 1 0 -0.318 -0.5919 
8 131.5 0 0 1 0 0 -0.5378 -0.7323 
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8 134.5 0 0 1 0 0 -1.1973 -1.1536 
8 137.5 0 0 0 0 0 -1.3198 -1.2918 
8 141.5 1 0 0 0 0 -1.4326 -1.3321 
         9 122.5 0 0 1 0 1 1.3601 0.8901 
9 129.5 0 0 0 0 1 1.5873 1.0685 
9 133.5 0 0 1 0 1 0.8344 1.2164 
9 137.5 0 0 0 0 1 0.5693 0.2715 
9 139.5 0 0 0 0 0 0.579 -0.037 
9 144.5 0 0 1 0 0 1.4092 1.0073 
9 148.5 0 0 0 0 0 0.2775 0.9068 
9 154.5 0 0 0 0 0 -0.085 0.5098 
9 155.5 1 0 0 0 0 -0.193 0.32 
9 156.5 0 0 1 0 1 -0.301 0.1303 
9 157.5 1 0 1 0 0 -0.409 -0.0595 
9 158.5 0 0 1 0 0 -0.5169 -0.2493 
9 161.5 1 0 0 0 0 -1.0337 -1.092 
9 162.5 1 0 0 0 0 -1.2188 -1.3912 
9 163.5 1 0 0 0 0 -1.4039 -1.6903 
9 164.5 1 0 1 0 0 -1.4553 -1.8013 
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Appendix IV:  Data associated with Chapter 4. 
Table A.4.1. Age-depth models for Titus Bog cores 
core depth Min 
Cal yr 
BP 
Max 
Cal yr 
BP 
Best 
Cal yr 
BP 
Best in 
AD 
Min in 
AD 
Max in 
AD 
A 0.5 -54.0858 -50.0858 -52.2014 2002.201 2004.086 2000.086 
A 1.5 -44.5655 -37.5655 -41.3441 1991.344 1994.566 1987.566 
A 2.5 -35.0116 -25.0116 -30.5014 1980.501 1985.012 1975.012 
A 3.5 -25.3931 -12.3931 -19.7053 1969.705 1975.393 1962.393 
A 4.5 -15.8159 0.184136 -8.97736 1958.977 1965.816 1949.816 
A 5.5 -7.08336 11.91664 1.663096 1948.337 1957.083 1938.083 
A 6.5 1.765677 23.76568 12.19643 1937.804 1948.234 1926.234 
A 7.5 10.85094 34.85094 22.60301 1927.397 1939.149 1915.149 
A 8.5 20.3208 45.3208 32.86341 1917.137 1929.679 1904.679 
A 9.5 29.98982 56.98982 42.95805 1907.042 1920.01 1893.01 
A 10.5 38.89899 67.89899 52.8673 1897.133 1911.101 1882.101 
A 11.5 47.20628 77.20628 62.57166 1887.428 1902.794 1872.794 
A 12.5 55.35667 88.35667 72.03017 1877.97 1894.643 1861.643 
A 13.5 61.87062 99.87062 81.11623 1868.884 1888.129 1850.129 
A 14.5 65.30301 110.303 89.71337 1860.287 1884.697 1839.697 
A 15.5 67.98238 120.9824 97.83126 1852.169 1882.018 1829.018 
A 16.5 69.77095 132.771 105.5112 1844.489 1880.229 1817.229 
A 17.5 70.92584 144.9258 112.7945 1837.206 1879.074 1805.074 
A 18.5 70.39352 156.3935 119.7222 1830.278 1879.606 1793.606 
A 19.5 65.45158 169.4516 126.3361 1823.664 1884.548 1780.548 
A 20.5 61.13301 181.133 132.6769 1817.323 1888.867 1768.867 
A 21.5 56.85101 192.851 138.7862 1811.214 1893.149 1757.149 
A 22.5 54.49741 204.4974 144.7052 1805.295 1895.503 1745.503 
A 23.5 51.09129 216.0913 150.4752 1799.525 1898.909 1733.909 
A 24.5 47.65094 226.6509 156.1375 1793.862 1902.349 1723.349 
A 25.5 43.17963 238.1796 161.736 1788.264 1906.82 1711.82 
A 26.5 40.25837 249.2584 167.304 1782.696 1909.742 1700.742 
A 27.5 36.75016 259.7502 172.8909 1777.109 1913.25 1690.25 
A 28.5 34.83984 270.8398 178.5349 1771.465 1915.16 1679.16 
A 29.5 33.48711 281.4871 184.2782 1765.722 1916.513 1668.513 
A 30.5 31.29235 291.2923 190.1605 1759.84 1918.708 1658.708 
A 31.5 30.93377 295.9338 190.6209 1759.379 1919.066 1654.066 
A 32.5 30.54386 305.5439 196.6744 1753.326 1919.456 1644.456 
A 33.5 31.54872 315.5487 202.9058 1747.094 1918.451 1634.451 
A 34.5 33.36982 324.3698 209.306 1740.694 1916.63 1625.63 
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A 35.5 36.01023 334.0102 215.8651 1734.135 1913.99 1615.99 
A 36.5 39.37873 343.3787 222.5742 1727.426 1910.621 1606.621 
A 37.5 44.2477 351.2477 229.4231 1720.577 1905.752 1598.752 
A 38.5 48.87293 359.8729 236.4027 1713.597 1901.127 1590.127 
A 39.5 54.87887 368.8789 243.5038 1706.496 1895.121 1581.121 
A 40.5 60.60809 376.6081 250.7167 1699.283 1889.392 1573.392 
A 41.5 67.9669 383.9669 258.0321 1691.968 1882.033 1566.033 
A 42.5 74.65778 391.6578 265.4405 1684.56 1875.342 1558.342 
A 43.5 82.90247 398.9025 272.9323 1677.068 1867.098 1551.098 
A 44.5 91.54508 406.5451 280.4982 1669.502 1858.455 1543.455 
A 45.5 101.0259 413.0259 288.1287 1661.871 1848.974 1536.974 
A 46.5 110.4179 420.4179 295.8144 1654.186 1839.582 1529.582 
A 47.5 120.5184 426.5184 303.5458 1646.454 1829.482 1523.482 
A 48.5 130.472 432.472 311.3134 1638.687 1819.528 1517.528 
A 49.5 140.9994 438.9994 319.1078 1630.892 1809.001 1511.001 
A 50.5 151.8338 444.8338 326.9195 1623.08 1798.166 1505.166 
A 51.5 164.253 450.253 334.7391 1615.261 1785.747 1499.747 
A 52.5 175.7125 455.7125 342.557 1607.443 1774.287 1494.287 
A 53.5 187.5095 460.5095 350.3641 1599.636 1762.49 1489.49 
A 54.5 199.4935 465.4935 358.1504 1591.85 1750.507 1484.507 
A 55.5 211.6927 469.6927 365.907 1584.093 1738.307 1480.307 
A 56.5 224.1997 474.1997 373.6241 1576.376 1725.8 1475.8 
A 57.5 236.972 478.972 381.2923 1568.708 1713.028 1471.028 
A 58.5 250.2024 483.2024 388.9024 1561.098 1699.798 1466.798 
A 59.5 263.3733 487.3733 396.4446 1553.555 1686.627 1462.627 
A 60.5 276.8603 491.8603 403.9096 1546.09 1673.14 1458.14 
A 61.5 290.4634 495.4634 411.2878 1538.712 1659.537 1454.537 
A 62.5 303.4675 500.4675 418.57 1531.43 1646.533 1449.533 
A 63.5 316.6037 503.6037 425.7466 1524.253 1633.396 1446.396 
A 64.5 330.496 507.496 432.8082 1517.192 1619.504 1442.504 
A 65.5 344.3419 510.3419 439.7453 1510.255 1605.658 1439.658 
A 66.5 358.3563 511.3563 446.5484 1503.452 1591.644 1438.644 
A 67.5 370.2543 515.2543 453.2081 1496.792 1579.746 1434.746 
A 68.5 382.33 519.33 459.7149 1490.285 1567.67 1430.67 
A 69.5 392.3821 522.3821 466.0594 1483.941 1557.618 1427.618 
A 70.5 403.6309 526.6309 472.2322 1477.768 1546.369 1423.369 
A 71.5 413.0861 529.0861 478.2237 1471.776 1536.914 1420.914 
A 72.5 422.1108 544.1108 484.0246 1465.975 1527.889 1405.889 
A 73.5 433.1182 550.1182 489.6252 1460.375 1516.882 1399.882 
A 74.5 442.4034 556.4034 495.0163 1454.984 1507.597 1393.597 
A 75.5 451.9061 564.9061 500.1884 1449.812 1498.094 1385.094 
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A 76.5 460.4248 570.4248 505.1321 1444.868 1489.575 1379.575 
A 77.5 467.9342 575.9342 509.8374 1440.163 1482.066 1374.066 
A 78.5 475.001 581.001 514.2956 1435.704 1474.999 1368.999 
A 79.5 483.0572 595.0572 518.4969 1431.503 1466.943 1354.943 
A 80.5 483.703 598.703 522.4314 1427.569 1466.297 1351.297 
A 81.5 489.9522 600.9522 526.0916 1423.908 1460.048 1349.048 
A 82.5 493.1296 604.1296 529.4819 1420.518 1456.87 1345.87 
A 83.5 494.851 606.851 532.6208 1417.379 1455.149 1343.149 
A 84.5 497.153 610.153 535.5285 1414.471 1452.847 1339.847 
A 85.5 501.2747 611.2747 538.2248 1411.775 1448.725 1338.725 
A 86.5 502.0948 612.0948 540.7298 1409.27 1447.905 1337.905 
A 87.5 502.1791 580.1791 543.0629 1406.937 1447.821 1369.821 
A 88.5 503.0676 584.0676 545.2439 1404.756 1446.932 1365.932 
A 89.5 504.9694 587.9694 547.2924 1402.708 1445.031 1362.031 
A 90.5 505.6917 592.6917 549.2287 1400.771 1444.308 1357.308 
A 91.5 506.5255 596.5255 551.0719 1398.928 1443.475 1353.475 
A 92.5 507.5209 600.5209 552.8421 1397.158 1442.479 1349.479 
A 93.5 508.4185 603.4185 554.5591 1395.441 1441.582 1346.582 
A 94.5 508.8564 606.8564 556.2427 1393.757 1441.144 1343.144 
A 95.5 509.3513 609.3513 557.9124 1392.088 1440.649 1340.649 
A 96.5 509.9176 611.9176 559.588 1390.412 1440.082 1338.082 
A 97.5 510.5694 615.5694 561.2896 1388.71 1439.431 1334.431 
A 98.5 511.321 617.321 563.0366 1386.963 1438.679 1332.679 
A 99.5 512.1866 620.1866 564.8488 1385.151 1437.813 1329.813 
A 100.5 512.1804 622.1804 566.7462 1383.254 1437.82 1327.82 
A 101.5 513.3166 624.3166 568.7494 1381.251 1436.683 1325.683 
A 102.5 515.6095 627.6095 570.8749 1379.125 1434.391 1322.391 
A 103.5 517.0734 630.0734 573.1456 1376.854 1432.927 1319.927 
A 104.5 518.7226 631.7226 575.5806 1374.419 1431.277 1318.277 
A 105.5 520.5714 634.5714 578.1994 1371.801 1429.429 1315.429 
A 106.5 523.6343 637.6343 581.0217 1368.978 1426.366 1312.366 
A 107.5 526.9253 640.9253 584.0674 1365.933 1423.075 1309.075 
A 108.5 530.4589 643.4589 587.3562 1362.644 1419.541 1306.541 
A 109.5 533.249 646.249 590.9079 1359.092 1416.751 1303.751 
A 110.5 537.3096 649.3096 594.7423 1355.258 1412.69 1300.69 
A 111.5 542.5114 652.5114 598.8788 1351.121 1407.489 1297.489 
A 112.5 547.9652 656.9652 603.3375 1346.662 1402.035 1293.035 
A 113.5 553.1275 660.1275 608.1381 1341.862 1396.872 1289.872 
A 114.5 560.0272 665.0272 613.3004 1336.7 1389.973 1284.973 
A 115.5 566.6923 668.6923 618.8441 1331.156 1383.308 1281.308 
A 116.5 573.701 673.701 624.7889 1325.211 1376.299 1276.299 
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A 117.5 581.3546 678.3546 631.1532 1318.847 1368.645 1271.645 
A 118.5 589.5116 683.5116 637.9233 1312.077 1360.488 1266.488 
A 119.5 598.1242 690.1242 645.0537 1304.946 1351.876 1259.876 
A 120.5 607.1427 696.1427 652.4939 1297.506 1342.857 1253.857 
A 121.5 615.5168 702.5168 660.1995 1289.801 1334.483 1247.483 
A 122.5 625.1959 709.1959 668.1216 1281.878 1324.804 1240.804 
A 123.5 634.1296 716.1296 676.2128 1273.787 1315.87 1233.87 
A 124.5 643.2681 723.2681 684.4254 1265.575 1306.732 1226.732 
A 125.5 652.8937 730.8937 692.7119 1257.288 1297.106 1219.106 
A 126.5 662.5923 737.5923 701.0245 1248.975 1287.408 1212.408 
A 127.5 671.9043 744.9043 709.316 1240.684 1278.096 1205.096 
A 128.5 682.5359 752.5359 717.5386 1232.461 1267.464 1197.464 
A 129.5 691.6028 759.6028 725.6446 1224.355 1258.397 1190.397 
A 130.5 700.1662 767.1662 733.5866 1216.413 1249.834 1182.834 
A 131.5 708.6403 774.6403 741.3168 1208.683 1241.36 1175.36 
A 132.5 716.2928 781.2928 748.7888 1201.211 1233.707 1168.707 
A 133.5 723.7724 788.7724 755.9782 1194.022 1226.228 1161.228 
A 134.5 730.4977 795.4977 762.8832 1187.117 1219.502 1154.502 
A 135.5 738.3309 803.3309 769.5027 1180.497 1211.669 1146.669 
A 136.5 743.789 809.789 775.836 1174.164 1206.211 1140.211 
A 137.5 748.6495 815.6495 781.8819 1168.118 1201.351 1134.351 
A 138.5 754.2573 822.2573 787.6396 1162.36 1195.743 1127.743 
A 139.5 758.521 828.521 793.1082 1156.892 1191.479 1121.479 
A 140.5 763.245 835.245 798.2866 1151.713 1186.755 1114.755 
A 141.5 767.0527 842.0527 803.174 1146.826 1182.947 1107.947 
A 142.5 770.4321 848.4321 807.7694 1142.231 1179.568 1101.568 
A 143.5 772.6269 854.6269 812.072 1137.928 1177.373 1095.373 
A 144.5 774.5065 860.5065 816.0806 1133.919 1175.493 1089.493 
A 145.5 777.075 868.075 819.7947 1130.205 1172.925 1081.925 
A 146.5 778.3366 874.3366 823.2127 1126.787 1171.663 1075.663 
A 147.5 779.2949 881.2949 826.3343 1123.666 1170.705 1068.705 
A 148.5 778.9539 887.9539 829.1599 1120.84 1171.046 1062.046 
A 149.5 777.9728 893.9728 831.7261 1118.274 1172.027 1056.027 
A 150.5 776.9056 900.9056 834.1062 1115.894 1173.094 1049.094 
A 151.5 776.6721 908.6721 836.3747 1113.625 1173.328 1041.328 
        
B 0.5 -54.4851 -50.4851 -52.4663 2002.466 2004.485 2000.485 
B 1.5 -46.0221 -41.0221 -43.1469 1993.147 1996.022 1991.022 
B 2.5 -37.8285 -30.8285 -33.8182 1983.818 1987.828 1980.828 
B 3.5 -29.3744 -20.3744 -24.5508 1974.551 1979.374 1970.374 
B 4.5 -19.9914 -9.99145 -15.3739 1965.374 1969.991 1959.991 
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B 5.5 -12.5716 -0.57156 -6.31206 1956.312 1962.572 1950.572 
B 6.5 -4.16672 9.833279 2.608745 1947.391 1954.167 1940.167 
B 7.5 3.25067 19.25067 11.36231 1938.638 1946.749 1930.749 
B 8.5 11.60245 28.60245 19.92336 1930.077 1938.398 1921.398 
B 9.5 19.02032 38.02032 28.26597 1921.734 1930.98 1911.98 
B 10.5 26.39858 46.39858 36.36454 1913.635 1923.601 1903.601 
B 11.5 32.75283 54.75283 44.19322 1905.807 1917.247 1895.247 
B 12.5 39.58606 62.58606 51.72644 1898.274 1910.414 1887.414 
B 13.5 45.66299 70.66299 58.9374 1891.063 1904.337 1879.337 
B 14.5 50.35736 79.35736 65.79577 1884.204 1899.643 1870.643 
B 15.5 57.55662 86.55662 72.27023 1877.73 1892.443 1863.443 
B 16.5 63.02741 93.02741 78.32949 1871.671 1886.973 1856.973 
B 17.5 66.8785 98.8785 83.94216 1866.058 1883.122 1851.122 
B 18.5 69.38991 104.3899 89.07708 1860.923 1880.61 1845.61 
B 19.5 73.41701 111.417 93.71221 1856.288 1876.583 1838.583 
B 20.5 75.14546 118.1455 97.86352 1852.136 1874.855 1831.855 
B 21.5 76.30225 123.3023 101.5563 1848.444 1873.698 1826.698 
B 22.5 77.09763 130.0976 104.8159 1845.184 1872.902 1819.902 
B 23.5 78.3188 136.3188 107.6674 1842.333 1871.681 1813.681 
B 24.5 78.17494 142.1749 110.1367 1839.863 1871.825 1807.825 
B 25.5 77.67603 147.676 112.2485 1837.751 1872.324 1802.324 
B 26.5 75.96261 152.9626 114.0284 1835.972 1874.037 1797.037 
B 27.5 74.69692 158.6969 115.5016 1834.498 1875.303 1791.303 
B 28.5 72.20674 163.2067 116.6936 1833.306 1877.793 1786.793 
B 29.5 70.02553 168.0255 117.6295 1832.37 1879.974 1781.974 
B 30.5 67.72852 173.7285 118.3348 1831.665 1882.271 1776.271 
B 31.5 68.8941 172.8941 117.7637 1832.236 1881.106 1777.106 
B 32.5 65.84614 176.8461 118.1325 1831.868 1884.154 1773.154 
B 33.5 63.44313 181.4431 118.3343 1831.666 1886.557 1768.557 
B 34.5 60.14453 185.1445 118.3946 1831.605 1889.855 1764.855 
B 35.5 56.74343 189.7434 118.3388 1831.661 1893.257 1760.257 
B 36.5 53.30122 193.3012 118.1912 1831.809 1896.699 1756.699 
B 37.5 49.87919 196.8792 117.9801 1832.02 1900.121 1753.121 
B 38.5 46.53862 200.5386 117.7279 1832.272 1903.461 1749.461 
B 39.5 43.34073 204.3407 117.4609 1832.539 1906.659 1745.659 
B 40.5 39.3467 207.3467 117.2046 1832.795 1910.653 1742.653 
B 41.5 35.61766 211.6177 116.9841 1833.016 1914.382 1738.382 
B 42.5 32.2147 215.2147 116.8248 1833.175 1917.785 1734.785 
B 43.5 28.19886 219.1989 116.7522 1833.248 1921.801 1730.801 
B 44.5 25.63113 222.6311 116.7915 1833.208 1924.369 1727.369 
B 45.5 22.57243 226.5724 116.9682 1833.032 1927.428 1723.428 
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B 46.5 20.08363 231.0836 117.3076 1832.692 1929.916 1718.916 
B 47.5 17.22553 234.2255 117.8349 1832.165 1932.774 1715.774 
B 48.5 16.05884 238.0588 118.5756 1831.424 1933.941 1711.941 
B 49.5 14.6442 241.6442 119.5548 1830.445 1935.356 1708.356 
B 50.5 14.04214 245.0421 120.7983 1829.202 1935.958 1704.958 
B 51.5 13.31305 249.3131 122.3309 1827.669 1936.687 1700.687 
B 52.5 13.51721 252.5172 124.1784 1825.822 1936.483 1697.483 
B 53.5 14.71471 256.7147 126.3658 1823.634 1935.285 1693.285 
B 54.5 15.96545 259.9654 128.9187 1821.081 1934.035 1690.035 
B 55.5 19.32909 264.3291 131.8623 1818.138 1930.671 1685.671 
B 56.5 21.86501 267.865 135.222 1814.778 1928.135 1682.135 
B 57.5 25.63222 271.6322 139.0231 1810.977 1924.368 1678.368 
B 58.5 30.68932 275.6893 143.291 1806.709 1919.311 1674.311 
B 59.5 36.09435 280.0943 148.051 1801.949 1913.906 1669.906 
B 60.5 42.9047 284.9047 153.3284 1796.672 1907.095 1665.095 
B 61.5 49.17693 289.1769 159.1487 1790.851 1900.823 1660.823 
B 62.5 56.96651 293.9665 165.5371 1784.463 1893.033 1656.033 
B 63.5 66.32755 299.3276 172.5191 1777.481 1883.672 1650.672 
B 64.5 76.10306 304.1031 180.1189 1769.881 1873.897 1645.897 
B 65.5 87.92043 308.9204 188.3283 1761.672 1862.08 1641.08 
B 66.5 100.5526 313.5526 197.1101 1752.89 1849.447 1636.447 
B 67.5 114.3946 318.3946 206.4247 1743.575 1835.605 1631.605 
B 68.5 125.4093 324.4093 216.2322 1733.768 1824.591 1625.591 
B 69.5 138.5567 332.5567 226.4933 1723.507 1811.443 1617.443 
B 70.5 150.794 339.794 237.1682 1712.832 1799.206 1610.206 
B 71.5 164.0754 348.0754 248.2174 1701.783 1785.925 1601.925 
B 72.5 177.3665 356.3665 259.6014 1690.399 1772.633 1593.633 
B 73.5 189.2804 365.2804 271.2805 1678.72 1760.72 1584.72 
B 74.5 202.6931 374.6931 283.2152 1666.785 1747.307 1575.307 
B 75.5 215.6571 384.6571 295.3659 1654.634 1734.343 1565.343 
B 76.5 228.4239 394.4239 307.6933 1642.307 1721.576 1555.576 
B 77.5 240.9578 404.9578 320.1575 1629.843 1709.042 1545.042 
B 78.5 253.2341 415.2341 332.719 1617.281 1696.766 1534.766 
B 79.5 265.2405 426.2405 345.3381 1604.662 1684.76 1523.76 
        
C 0.5 -54.4808 -50.4808 -52.5489 2002.549 2004.481 2000.481 
C 1.5 -46.1298 -41.1298 -43.3905 1993.39 1996.13 1991.13 
C 2.5 -37.7499 -30.7499 -34.2407 1984.241 1987.75 1980.75 
C 3.5 -29.521 -20.521 -25.1607 1975.161 1979.521 1970.521 
C 4.5 -21.3464 -10.3464 -16.1638 1966.164 1971.346 1960.346 
C 5.5 -13.2209 -0.22092 -7.26553 1957.266 1963.221 1950.221 
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C 6.5 -5.22827 9.771732 1.510139 1948.49 1955.228 1940.228 
C 7.5 2.547952 19.54795 10.14043 1939.86 1947.452 1930.452 
C 8.5 9.19539 28.19539 18.60299 1931.397 1940.805 1921.805 
C 9.5 16.65074 37.65074 26.87535 1923.125 1933.349 1912.349 
C 10.5 23.97004 45.97004 34.93505 1915.065 1926.03 1904.03 
C 11.5 30.89673 54.89673 42.75961 1907.24 1919.103 1895.103 
C 12.5 37.59596 62.59596 50.32676 1899.673 1912.404 1887.404 
C 13.5 43.92356 70.92356 57.61401 1892.386 1906.076 1879.076 
C 14.5 49.82618 77.82618 64.59296 1885.407 1900.174 1872.174 
C 15.5 55.99154 85.99154 71.21173 1878.788 1894.008 1864.008 
C 16.5 60.22482 92.22482 77.41257 1872.587 1889.775 1857.775 
C 17.5 64.82718 99.82718 83.13746 1866.863 1885.173 1850.173 
C 18.5 69.09465 106.0947 88.34195 1861.658 1880.905 1843.905 
C 19.5 71.65145 112.6514 93.03472 1856.965 1878.349 1837.349 
C 20.5 73.78376 118.7838 97.23751 1852.762 1876.216 1831.216 
C 21.5 76.22794 125.2279 100.9725 1849.027 1873.772 1824.772 
C 22.5 76.87977 130.8798 104.2616 1845.738 1873.12 1819.12 
C 23.5 76.94125 136.9412 107.1267 1842.873 1873.059 1813.059 
C 24.5 76.68451 142.6845 109.5898 1840.41 1873.315 1807.315 
C 25.5 76.02801 148.028 111.6729 1838.327 1873.972 1801.972 
C 26.5 76.00147 154.0015 113.3978 1836.602 1873.999 1795.999 
C 27.5 74.59012 158.5901 114.7867 1835.213 1875.41 1791.41 
C 28.5 72.83135 163.8314 115.8611 1834.139 1877.169 1786.169 
C 29.5 69.76256 167.7626 116.6437 1833.356 1880.237 1782.237 
C 30.5 67.42105 172.4211 117.1557 1832.844 1882.579 1777.579 
C 31.5 64.1719 175.1719 117.2581 1832.742 1885.828 1774.828 
C 32.5 61.61394 179.6139 117.4011 1832.599 1888.386 1770.386 
C 33.5 58.90379 183.9038 117.3288 1832.671 1891.096 1766.096 
C 34.5 55.07601 187.076 117.0631 1832.937 1894.924 1762.924 
C 35.5 51.1651 191.1651 116.6257 1833.374 1898.835 1758.835 
C 36.5 47.2055 194.2055 116.0393 1833.961 1902.795 1755.795 
C 37.5 43.23161 197.2316 115.3252 1834.675 1906.768 1752.768 
C 38.5 39.27778 201.2778 114.5056 1835.494 1910.722 1748.722 
C 39.5 34.37831 203.3783 113.6024 1836.398 1915.622 1746.622 
C 40.5 30.56746 206.5675 112.6377 1837.362 1919.433 1743.433 
C 41.5 26.42081 209.4208 111.6334 1838.367 1923.579 1740.579 
C 42.5 22.50487 212.5049 110.6113 1839.389 1927.495 1737.495 
C 43.5 18.75429 215.7543 109.5936 1840.406 1931.246 1734.246 
C 44.5 15.20772 218.2077 108.6021 1841.398 1934.792 1731.792 
C 45.5 10.90378 219.9038 107.6589 1842.341 1939.096 1730.096 
C 46.5 7.881022 222.881 106.786 1843.214 1942.119 1727.119 
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C 47.5 4.17799 225.178 106.0053 1843.995 1945.822 1724.822 
C 48.5 0.833175 227.8332 105.3388 1844.661 1949.167 1722.167 
C 49.5 -2.11497 229.885 104.8084 1845.192 1952.115 1720.115 
C 50.5 -4.62805 232.3719 104.4362 1845.564 1954.628 1717.628 
C 51.5 -6.66772 234.3323 104.244 1845.756 1956.668 1715.668 
C 52.5 -8.32526 236.6747 104.2539 1845.746 1958.325 1713.325 
C 53.5 -8.52518 239.4748 104.4877 1845.512 1958.525 1710.525 
C 54.5 -10.0866 241.9134 104.9676 1845.032 1960.087 1708.087 
C 55.5 -9.96824 244.0318 105.7155 1844.285 1959.968 1705.968 
C 56.5 -10.1292 245.8708 106.7533 1843.247 1960.129 1704.129 
C 57.5 -9.74571 248.2543 108.1029 1841.897 1959.746 1701.746 
C 58.5 -7.61035 251.3896 109.7865 1840.214 1957.61 1698.61 
C 59.5 -5.60062 253.3994 111.8259 1838.174 1955.601 1696.601 
C 60.5 -3.67306 256.3269 114.2431 1835.757 1953.673 1693.673 
C 61.5 -0.68742 259.3126 117.06 1832.94 1950.687 1690.687 
C 62.5 2.976441 262.9764 120.2984 1829.702 1947.024 1687.024 
C 63.5 6.585657 265.5857 123.9807 1826.019 1943.414 1684.414 
C 64.5 12.1811 269.1811 128.1287 1821.871 1937.819 1680.819 
C 65.5 17.80314 272.8031 132.7644 1817.236 1932.197 1677.197 
C 66.5 24.4915 275.4915 137.9097 1812.09 1925.508 1674.508 
C 67.5 32.28514 279.2851 143.5867 1806.413 1917.715 1670.715 
C 68.5 40.22199 283.222 149.8172 1800.183 1909.778 1666.778 
C 69.5 49.33647 286.3365 156.6222 1793.378 1900.664 1663.664 
C 70.5 59.60989 290.6099 163.9972 1786.003 1890.39 1659.39 
C 71.5 70.97049 294.9705 171.9122 1778.088 1879.03 1655.03 
C 72.5 81.34262 300.3426 180.3365 1769.663 1868.657 1649.657 
C 73.5 91.95374 305.9537 189.2388 1760.761 1858.046 1644.046 
C 74.5 103.8445 312.8445 198.5884 1751.412 1846.155 1637.155 
C 75.5 114.8909 318.8909 208.3543 1741.646 1835.109 1631.109 
C 76.5 127.053 326.053 218.5056 1731.494 1822.947 1623.947 
C 77.5 139.2877 334.2877 229.0113 1720.989 1810.712 1615.712 
C 78.5 151.5484 341.5484 239.8405 1710.16 1798.452 1608.452 
C 79.5 164.7852 349.7852 250.9622 1699.038 1785.215 1600.215 
C 80.5 177.4945 357.4945 262.3453 1687.655 1772.506 1592.506 
C 81.5 189.9782 365.9782 273.9591 1676.041 1760.022 1584.022 
C 82.5 202.8307 373.8307 285.7726 1664.227 1747.169 1576.169 
C 83.5 216.4582 383.4582 297.7547 1652.245 1733.542 1566.542 
C 84.5 228.8239 391.8239 309.8745 1640.125 1721.176 1558.176 
C 85.5 241.903 400.903 322.1012 1627.899 1708.097 1549.097 
C 86.5 254.6845 410.6845 334.4037 1615.596 1695.315 1539.315 
C 87.5 267.1701 422.1701 346.751 1603.249 1682.83 1527.83 
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Table: A.4.2. Ambrosia and mineral matter in Titus Bog cores. Note that bulk density 
and organic matter were used to calculate concentrations.   
Core Depth Lycopo-
dium 
counted 
Ambrosia 
counted 
Ambrosia 
concentr-
ation 
Mineral 
concentra-
tion 
A 2 10 0 0 4.9 
A 3 17 1 1093.176 4.433333 
A 4 8 2 4646 8.633333 
A 5 9 4 8259.556 6.333333 
A 6 4 4 18584 5.9 
A 7 5 2 7433.6 6.8 
A 8 4 6 27876 16.46667 
A 9 5 11 40884.8 25.53333 
A 10 11 21 35478.55 24.23333 
A 11 6 15 46460 11.96667 
A 12 10 12 22300.8 5.5 
A 13 6 1 3097.333 2.133333 
A 14 5 0 0 1.666667 
A 15 4 0 0 2.366667 
A 16 12 0 0 1.933333 
A 17 5 0 0 1.466667 
A 18 13 0 0 1 
A 19 18 1 1032.444 0.933333 
A 20 29 1 640.8276 1 
A 21 38 0 0 1.133333 
A 22 31 0 0 1.1 
A 23 59 0 0 0.9 
A 24 28 1 663.7143 1 
A 25 42 1 442.4762 0.8 
A 26 26 0 0 0.666667 
A 27 61 0 0 0.966667 
A 28 52 1 357.3846 0.866667 
      
B 2 21 5 4424.762 12.3 
B 4 30 16 9911.467 10.93333 
B 6 47 28 11071.32 13.93333 
B 8 38 31 15160.63 20.26667 
B 10 17 23 25143.06 18.26667 
B 12 6 11 34070.67 9.266667 
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B 13 20 8 7433.6 5.366667 
B 14 20 3 2787.6 4.833333 
B 15 25 14 10407.04 4.566667 
B 16 21 6 5309.714 5.7 
B 17 24 18 13938 7.3 
B 18 15 14 17345.07 6.8 
B 19 24 1 774.3333 4.633333 
B 20 111 14 2343.928 4.1 
B 22 70 9 2389.371 4.266667 
B 24 43 5 2160.93 3.566667 
B 26 36 3 1548.667 3.733333 
B 28 21 2 1769.905 2.766667 
      
C 2 35 8 4247.771 8.233333 
C 4 29 15 9612.414 5.866667 
C 6 68 12 3279.529 5.666667 
C 8 33 16 9010.424 8.333333 
C 10 12 9 13938 10.13333 
C 12 30 25 15486.67 13.93333 
C 13 14 31 41150.29 14.76667 
C 14 30 29 17964.53 19.2 
C 15 21 17 15044.19 15.86667 
C 16 24 5 3871.667 14.46667 
C 17 23 23 18584 9.1 
C 18 23 4 3232 4.766667 
C 20 33 6 3378.909 4.833333 
C 22 44 1 422.3636 3.733333 
C 24 22 5 4223.636 3.5 
C 26 16 2 2323 2.6 
C 28 38 3 1467.158 2.8 
 
 
 
 
Table A.4.3. Carbon, Nitrogen, and Phosphorus contents in Titus Bog cores 
 Core Depth C (mg/g) N (mg/g) P (mg/g) 
A 0.5 486.0797 28.87108 3.812299 
A 1.5 452.4868 19.60646 2.781936 
A 2.5 503.6271 23.66367 2.318007 
A 3.5 480.729 21.545 2.997556 
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A 4.5 449.5021 20.62525 2.43043 
A 5.5 446.5406 19.45268 2.883832 
A 6.5 464.3019 24.10962 1.927286 
A 7.5 430.7921 21.15279 2.429645 
A 8.5 433.9993 21.77922 2.744553 
A 9.5 406.1174 20.58682 2.620778 
A 10.5 471.6488 21.25112 2.705953 
A 11.5 427.3154 19.4534 3.415238 
A 12.5 435.6254 15.26357 1.599769 
A 13.5 457.3296 13.36543 0.770307 
A 14.5 507.3032 12.92444 1.173351 
A 15.5 476.3465 13.06317 0.885857 
A 16.5 482.2952 13.9149 0.886741 
A 17.5 489.1903 13.55598 1.384378 
A 18.5 449.3257 9.273581 0.533155 
A 19.5 499.688 11.24223 0.538004 
A 20.5 463.8671 10.05884 0.603011 
A 21.5 430.4278 6.809839 0.44537 
A 22.5 436.8444 6.97505 0.499063 
A 23.5 480.729 7.481087 0.597379 
A 24.5 495.6325 11.76895 0.537784 
A 25.5 459.1727 8.209254 0.499934 
A 26.5 480.7685 12.0853 1.070194 
A 27.5 477.4954 8.573959 0.538667 
A 28.5 422.2704 7.43973 0.450452 
A 29.5 436.8444 10.48125 0.849912 
     
B 2 452.6943 29.26033 2.277459 
B 4 447.4078 29.32224 2.22811 
B 6 441.2052 23.42078 2.528731 
B 8 454.974 20.64986 1.944929 
B 10 479.5997 18.65431 1.195241 
B 12 497.2561 17.51043 1.376744 
B 14 515.1256 13.975 0.880867 
B 16 502.4559 19.03064 1.021561 
B 18 493.1734 17.66528 0.935571 
B 20 480.8258 16.24108 1.954411 
B 22 497.1141 17.41575 1.03415 
B 24 448.1747 17.29047 1.016367 
B 26 487.128 15.0663 1.217352 
B 28 481.0551 20.38193 0.733833 
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C 2 450.598 22.58615 2.541814 
C 4 519.6485 17.66455 1.917273 
C 6 465.8068 15.67442 1.698687 
C 8 431.5547 13.46016 1.353864 
C 10 415.8853 14.34978 1.66378 
C 12 464.7717 16.48907 2.108565 
C 14 456.0762 16.91187 1.651463 
C 16 531.1677 18.27917 1.837314 
C 18 402.2105 9.050033 0.9768 
C 20 473.1972 15.78516 0.953351 
C 22 521.004 14.36474 0.985972 
C 24 456.3326 10.60062 1.012875 
C 26 480.8309 13.08094 0.988429 
C 28 410.8236 7.773171 0.964313 
 
Table A.4.4. Macrofossil data from Titus Bog cores. Note that all values are percents 
Core Depth  Sphag-
num 
Sedges  Fine  
Rootlets 
Woody 
Roots 
Stems 
Shrubs White 
pine 
Uniden- 
tifiable 
A 0.5 0 20 0 20 20 20 20 
A 1.5 0 25 5 45 0 15 10 
A 2.5 10 20 10 25 20 10 5 
A 3.5 5 25 10 20 25 10 5 
A 4.5 0 5 0 50 0 15 30 
A 5.5 10 5 10 40 10 20 5 
A 6.5 0 5 10 60 0 10 15 
A 7.5 0 0 15 55 0 15 15 
A 8.5 0 5 0 60 0 5 30 
A 9.5 0 0 30 40 0 0 30 
A 10.5 10 0 10 40 0 0 40 
A 11.5 20 0 10 45 0 0 25 
A 12.5 35 0 20 30 0 0 15 
A 13.5 45 0 20 30 0 0 5 
A 14.5 60 10 10 15 0 0 5 
A 15.5 70 5 10 15 0 0 0 
A 16.5 80 5 5 10 0 0 0 
A 17.5 80 0 10 10 0 0 0 
A 18.5 75 5 10 10 0 0 0 
A 19.5 70 0 10 15 5 0 0 
A 20.5 85 0 5 10 0 0 0 
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A 21.5 80 0 5 10 5 0 0 
A 22.5 75 0 5 15 0 5 0 
A 23.5 60 0 0 15 15 5 5 
A 24.5 60 5 5 10 15 5 0 
A 25.5 65 0 5 10 10 5 5 
A 26.5 65 10 10 10 5 0 0 
A 27.5 70 0 10 10 5 0 5 
A 28.5 80 0 5 5 0 5 5 
A 29.5 65 5 10 10 5 0 5 
B 0.5 5 40 10 10 10 5 20 
B 2.5 5 45 15 15 5 0 15 
B 4.5 15 20 10 10 15 10 20 
B 6.5 10 10 10 20 10 0 40 
B 8.5 0 10 10 40 0 0 40 
B 10.5 5 5 30 40 0 0 20 
B 12.5 35 5 20 25 0 0 15 
B 14.5 50 0 10 30 0 0 10 
B 16.5 40 0 20 20 0 0 20 
B 18.5 25 15 20 30 5 0 5 
B 20.5 30 20 20 20 10 0 0 
B 22.5 40 10 15 10 25 0 0 
B 24.5 55 20 10 10 5 0 0 
B 26.5 65 5 5 20 5 0 0 
B 28.5 60 5 10 15 10 0 0 
B 30.5 40 0 5 30 20 5 0 
C 2.5 15 20 20 20 20 0 5 
C 4.5 10 40 10 20 15 0 5 
C 6.5 10 25 10 20 25 0 10 
C 8.5 20 20 25 25 0 0 10 
C 10.5 15 50 10 10 0 0 15 
C 12.5 20 40 10 20 0 0 10 
C 14.5 20 0 20 20 0 0 40 
C 16.5 5 30 5 30 0 0 30 
C 18.5 55 0 15 25 0 0 5 
C 20.5 45 20 20 20 0 0 5 
C 22.5 45 20 10 20 0 0 5 
C 24.5 65 20 5 10 0 0 0 
C 26.5 55 25 10 5 0 0 5 
C 28.5 65 10 5 20 0 0 0 
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Table A.4.5. Testate amoebae data from Titus Bog cores 
Core Depth 
(cm) 
Assu- 
lina 
musco- 
rum 
Centro- 
pyxsis 
aero- 
phylla type 
Centro- 
pyxis  
aculeata  
type 
Cyclo- 
pyxis  
arcell- 
oides type 
Difflugia 
pristis type 
Difflugia  
pulex 
A 2 0 0 0 3.508772 1.754386 35.08772 
A 3 0 0 0 12.2807 1.754386 47.36842 
A 4 0 1.754386 0 7.017544 0 43.85965 
A 5 0 1.694915 0 1.694915 1.694915 30.50847 
A 6 0 0 0 0 0 31.74603 
A 7 0 3.448276 0 1.724138 0 31.03448 
A 8 0 2.380952 0 1.190476 0 25 
A 9 1.818182 5.454545 0 9.090909 3.636364 18.18182 
A 10 0 3.703704 0 5.555556 1.851852 29.62963 
A 11 0 0 0 12.06897 5.172414 37.93103 
A 12 0 0 0 7.272727 0 36.36364 
A 13 6.944444 0 0 2.777778 0 62.5 
A 14 0 3.333333 1.666667 1.666667 0 36.66667 
A 15 1.612903 1.612903 0 0 0 51.6129 
A 16 5.172414 0 0 0 0 29.31034 
A 17 5.555556 0 0 1.388889 0 16.66667 
A 18 0 0 0 0 0 14.7541 
A 19 0 0 1.694915 0 0 15.25424 
A 20 3.636364 0 1.818182 0 0 7.272727 
A 21 0 1.5625 0 0 0 10.9375 
A 22 0 0 0 0 0 1.785714 
A 23 0 0 0 0 0 7.407407 
A 24 1.612903 0 3.225806 0 1.612903 8.064516 
A 25 0 0 3.225806 1.612903 0 4.83871 
A 26 1.515152 0 1.515152 0 0 6.060606 
A 27 2.985075 0 8.955224 0 1.492537 5.970149 
A 28 0 0 5.172414 0 3.448276 0 
B 2 3.703704 1.851852 1.851852 18.51852 1.851852 1.851852 
B 4 0 7.142857 3.571429 26.78571 0 0 
B 6 4.255319 4.255319 8.510638 12.76596 2.12766 0 
B 8 6.25 6.25 0 29.16667 0 4.166667 
B 10 0 6.382979 0 40.42553 2.12766 2.12766 
B 12 1.923077 3.846154 7.692308 13.46154 1.923077 25 
B 14 0 0 11.86441 1.694915 0 35.59322 
B 16 12 0 4 0 0 28 
B 18 8.474576 1.694915 8.474576 11.86441 0 30.50847 
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B 20 6.122449 2.040816 12.2449 0 0 8.163265 
B 22 7.843137 0 1.960784 1.960784 1.960784 5.882353 
B 24 2 0 14 0 0 0 
B 26 1.785714 0 8.928571 1.785714 0 8.928571 
B 28 0 0 1.923077 1.923077 0 3.846154 
C 2 0 15.78947 8.77193 5.263158 1.754386 14.03509 
C 4 1.960784 9.803922 3.921569 0 29.41176 9.803922 
C 6 0 5 8.333333 25 0 11.66667 
C 8 0 9.836066 8.196721 21.31148 0 19.67213 
C 10 7.692308 1.923077 1.923077 11.53846 0 30.76923 
C 12 3.571429 8.928571 3.571429 17.85714 1.785714 14.28571 
C 14 0 14 4 18 0 22 
C 16 1.886792 3.773585 5.660377 9.433962 0 18.86792 
C 18 0 1.5625 14.0625 6.25 0 1.5625 
C 20 0 5.769231 17.30769 7.692308 0 3.846154 
C 22 0 3.389831 11.86441 0 0 3.389831 
C 24 0 1.724138 12.06897 0 0 3.448276 
C 26 0 5.357143 3.571429 5.357143 0 8.928571 
C 28 0 1.612903 11.29032 1.612903 0 17.74194 
        
Core Depth Habro- 
trocha  
angust- 
icollis 
Heleo- 
Pera 
sphagni 
Hyalo- 
sphenia 
elegans 
Hyalo- 
sphenia 
papilo 
Hyalo- 
Sphenia 
subflava 
A 2 0 7.017544 0 0 40.35088  
A 3 0 3.508772 0 0 29.82456  
A 4 1.754386 3.508772 0 0 31.57895  
A 5 0 0 0 0 45.76271  
A 6 1.587302 0 0 0 57.14286  
A 7 1.724138 0 0 0 50  
A 8 0 0 0 1.190476 58.33333  
A 9 0 1.818182 0 0 47.27273  
A 10 0 7.407407 0 0 24.07407  
A 11 1.724138 1.724138 0 0 18.96552  
A 12 3.636364 1.818182 1.818182 0 9.090909  
A 13 11.11111 5.555556 6.944444 0 0  
A 14 28.33333 6.666667 5 1.666667 1.666667  
A 15 22.58065 0 6.451613 0 0  
A 16 17.24138 5.172414 13.7931 8.62069 1.724138  
A 17 23.61111 6.944444 18.05556 1.388889 2.777778  
A 18 21.31148 6.557377 27.86885 14.7541 0  
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A 19 18.64407 0 40.67797 16.94915 0  
A 20 18.18182 3.636364 41.81818 10.90909 3.636364  
A 21 14.0625 3.125 57.8125 3.125 3.125  
A 22 3.571429 1.785714 76.78571 16.07143 0  
A 23 3.703704 1.851852 66.66667 14.81481 0  
A 24 1.612903 8.064516 53.22581 12.90323 0  
A 25 4.83871 3.225806 43.54839 17.74194 1.612903  
A 26 3.030303 3.030303 56.06061 13.63636 0  
A 27 11.9403 4.477612 25.37313 17.91045 0  
A 28 12.06897 8.62069 31.03448 12.06897 0  
B 2 0 0 0 0 3.703704  
B 4 0 1.785714 0 0 1.785714  
B 6 0 6.382979 0 0 2.12766  
B 8 0 18.75 0 0 2.083333  
B 10 0 14.89362 2.12766 0 0  
B 12 3.846154 7.692308 3.846154 13.46154 0  
B 14 13.55932 1.694915 1.694915 3.389831 0  
B 16 4 0 2 4 0  
B 18 1.694915 0 3.389831 5.084746 0  
B 20 26.53061 8.163265 2.040816 0 0  
B 22 37.2549 15.68627 0 0 0  
B 24 42 6 0 10 0  
B 26 5.357143 3.571429 1.785714 7.142857 0  
B 28 11.53846 0 1.923077 0 0  
C 2 1.754386 0 3.508772 1.754386 0  
C 4 3.921569 3.921569 1.960784 3.921569 0  
C 6 3.333333 3.333333 6.666667 1.666667 0  
C 8 1.639344 6.557377 9.836066 1.639344 0  
C 10 1.923077 5.769231 7.692308 7.692308 0  
C 12 3.571429 8.928571 3.571429 3.571429 0  
C 14 2 0 0 0 0  
C 16 1.886792 5.660377 1.886792 1.886792 0  
C 18 14.0625 3.125 3.125 12.5 0  
C 20 17.30769 7.692308 3.846154 9.615385 0  
C 22 1.694915 15.25424 5.084746 23.72881 0  
C 24 8.62069 0 1.724138 15.51724 0  
C 26 12.5 16.07143 3.571429 3.571429 0  
C 28 9.677419 6.451613 11.29032 11.29032 0  
        
Core Depth Nebela  
collaris 
Nebela 
griseola 
Pseudo 
difflugia  
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 type fulva 
A 2 0 3.508772 5.263158    
A 3 3.508772 0 0    
A 4 1.754386 0 7.017544    
A 5 1.694915 0 10.16949    
A 6 1.587302 0 1.587302    
A 7 0 1.724138 8.62069    
A 8 2.380952 1.190476 7.142857    
A 9 0 3.636364 7.272727    
A 10 0 12.96296 11.11111    
A 11 0 6.896552 12.06897    
A 12 0 5.454545 29.09091    
A 13 0 2.777778 1.388889    
A 14 0 3.333333 5    
A 15 0 4.83871 11.29032    
A 16 0 15.51724 3.448276    
A 17 1.388889 19.44444 0    
A 18 0 4.918033 0    
A 19 3.389831 1.694915 0    
A 20 0 3.636364 3.636364    
A 21 1.5625 0 1.5625    
A 22 0 0 0    
A 23 1.851852 1.851852 1.851852    
A 24 0 1.612903 1.612903    
A 25 3.225806 9.677419 3.225806    
A 26 6.060606 3.030303 4.545455    
A 27 4.477612 1.492537 5.970149    
A 28 5.172414 1.724138 10.34483    
B 2 16.66667 0 37.03704    
B 4 8.928571 0 46.42857    
B 6 0 0 38.29787    
B 8 0 0 12.5    
B 10 0 2.12766 19.14894    
B 12 1.923077 0 9.615385    
B 14 6.779661 0 20.33898    
B 16 8 0 30    
B 18 1.694915 0 20.33898    
B 20 4.081633 0 18.36735    
B 22 0 0 9.803922    
B 24 2 0 14    
B 26 8.928571 0 42.85714    
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B 28 0 0 61.53846    
C 2 10.52632 0 31.57895    
C 4 7.843137 0 13.72549    
C 6 3.333333 0 25    
C 8 9.836066 0 1.639344    
C 10 1.923077 0 13.46154    
C 12 14.28571 1.785714 3.571429    
C 14 6 4 24    
C 16 7.54717 0 35.84906    
C 18 15.625 0 14.0625    
C 20 13.46154 0 3.846154    
C 22 15.25424 0 11.86441    
C 24 17.24138 0 27.58621    
C 26 14.28571 0 17.85714    
C 28 11.29032 0 6.451613    
 
Table A.4.6. Tree ring data from Pinus strobus stems on Titus Bog 
Tree 
ID 
DBH 
(cm) 
Oldest 
ring 
Recruitment 
Estimate Difference 
1 30.2 1928 1919 9 
2 27.4 1930 1924 6 
3 23.1 1917 1917 0 
4 9.4 1927 1927 0 
5 28.2 1936 1931 5 
6 9.4 1983 1983 0 
7 33.3 1977 1974 3 
8 30.2 1975 1972 3 
9 15.2 1977 1972 5 
10 16.9 1908 1908 0 
12 30.2 1918 1912 6 
13 23.9 1920 1915 5 
14 14.6 1947 1941 6 
15 9.4 1983 1981 2 
16 21.2 1919 1918 1 
17 19.4 1951 1947 4 
18 10.5 1978 1977 1 
20 33.5 1928 1924 4 
22 17.6 1929 1927 2 
23 17.1 1956 1956 0 
24 31 1922 1916 6 
25 9.2 1979 1979 0 
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26 25 1979 1978 1 
27 27.4 1971 1968 3 
28 8.5 1981 1980 1 
29 20.9 1985 1981 4 
31 18.8 1947 1940 7 
32 16.3 1973 1969 4 
33 9.2 1987 1985 2 
34 32.1 1930 1928 2 
35 14.2 1925 1925 0 
36 8.1 1990 1987 3 
37 18.2 1975 1975 0 
38 17 1985 1980 5 
39 38.9 1912 1912 0 
40 18.1 1950 1944 6 
41 29.5 1981 1977 4 
42 10.9 1985 1980 5 
44 43.8 1943 1941 2 
45 12.5 1976 1971 5 
46 23.7 1962 1962 0 
47 37 1953 1951 2 
48 10.2 1974 1973 1 
49 21.8 1975 1970 5 
50 41 1958 1952 6 
51 21.8 1962 1960 2 
52 12 1960 1958 2 
53 20.8 1965 1958 7 
54 36.9 1951 1951 0 
55 19.5 1961 1961 0 
56 16 1958 1953 5 
57 13.2 1985 1984 1 
59 29.4 1971 1969 2 
61 38.2 1939 1937 2 
62 18.9 1981 1976 5 
63 34.1 1980 1976 4 
64 16.6 1976 1976 0 
65 23.7 1928 1926 2 
67 34.1 1923 1920 3 
68 29.3 1972 1972 0 
69 19.5 1962 1962 0 
70 13.8 1960 1960 0 
71 31.7 1921 1912 9 
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72 21.9 1938 1933 5 
73 26.8 1913 1912 1 
74 23.1 1915 1912 3 
75 18.9 1905 1905 0 
76 25.8 1935 1926 9 
77 23.8 1930 1927 3 
78 24.6 1929 1929 0 
79 38 1911 1910 1 
80 51.7 1923 1922 1 
81 19.9 1964 1964 0 
82 34.8 1935 1934 1 
83 33.5 1920 1916 4 
84 17.4 1945 1943 2 
110 ? 1917 1917 0 
111 ? 1921 1916 5 
112 ? 1928 1923 5 
113 ? 1902 1902 0 
100 17.7 1976 1971 5 
101 9.9 1966 1966 0 
102 12.5 1979 1974 5 
103 14.8 1963 1958 5 
104 13.2 1963 1963 0 
105 13.2 1975 1970 5 
106 11.9 1951 1951 0 
108 13.9 1961 1956 5 
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Table A.4.7. Average elemental concentration estimates from SEM analysis of mineral 
matter in Titus Bog cores 
Core Depth Mg Al Si S K Ca Fe 
A 5 0.8 9.5 35.1 5.2 7.9 14.3 23.4 
A 10 0 11.6 56.5 4.2 5.9 9.6 11.3 
A 15 0.7 7.4 34.1 13 2.8 32.5 9.5 
A 20 2.2 4.4 10.5 13.3 1.3 54.6 11.2 
A 25 1.9 2.3 7.9 8.8 1.2 65.2 11 
B 5 0 11.2 42.8 7.8 5.9 15.4 16.8 
B 10 0.6 12.7 43.6 8.0 5.8 16.5 13.3 
B 15 0 7.6 23.9 13.1 3.5 41.2 10.8 
B 20 0 12.1 29.3 12.0 6.5 24.5 15.5 
B 25 1.3 8.2 18.7 12.3 3.8 44.5 11.1 
C 5 1.8 6.6 34.9 10 3.5 34.8 8.3 
C 10 0 10.9 33.5 9.6 4.6 28.9 12.5 
C 15 0 9.7 36.2 11.0 3.2 25.6 14.3 
C 20 2.0 6.2 13.2 13.7 1.0 48.1 15.8 
C 25 2.2 4.9 12.3 10.5 1.7 50.9 17.4 
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